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Abstract 
Phreatomagmatic eruptions result from the explosive interaction between magma and 
some external source of water, and produce deposits which are usually distinctive in 
nature from those of magmatic eruptions. The widespread deposits of large-scale 
phreatomagmatic eruptions (usually termed Phreatoplinian) are poorly studied relative 
to their magmatic counterparts and, consequently, current models for large-scale 
phreatomagmatic volcanism remain speculative. The Hatepe ash and Rotongaio ash 
(units 3 and 4 of the 1.85 ka Taupo eruption) are two classical widespread 
phreatomagmatic fall deposits. These have been examined in fine detail and sampled, 
for the first time, at a mm-scale, with the intention of quantifying vertical and lateral 
variations within these deposits and improving our understanding of the eruptive 
mechanisms and depositional processes during large-scale 'wet' eruptions. 
The Hatepe ash (1.75km3) is a widespread (>15 000 km2, individual subunit b t values = 
4.4 to 5.5 km), multiple-bedded, poorly-sorted pumiceous fall deposit. The fines-rich 
character and widespread occurrence of ash aggregates in the proximal to medial 
dispersal areas are indicators of a phreatomagmatic origin. Subunits contain multiple 
layers with a wide range of dispersal and grain size characteristics, and a number of 
distinctive primary lithofacies have been defined which characterise the changes in 
eruptive conditions and main depositional modes during Hatepe volcanism. The 
predominantly fine grained clasts (Md¢ = 3.3-4.5), along with perhaps 20-25 wt.% 
liquid, were transported and deposited in the form of damp to wet 'mud lumps' and 
accretionary lapilli. Dispersal was from dense, 'wet' plumes which promoted the 
cohesion and aggregation of liquid-coated fine particles. This mode of transport and 
deposition was dominant during relatively long-lived episodes of relatively low 
discharge rate, with higher water/magma ratios at the vent and liquid/particle ratios in 
plumes. When magma discharge rate was relatively high and water/magma ratios low, 
fines-poor, plinian-style deposits (M~ = -2.2 to 0.63) were produced by discrete 
particle fall from high (~25-30 km), relatively 'dry' plumes. Minor, short-lived 
fluctuations in discharge rate produced episodes of mixed discrete and ash aggregate 
fall which produced poly- and bimodal deposits (Md¢ = 2.5-3) in proximal and inner-
medial areas. Lateral emplacement by dilute, turbulent pyroclastic density currents was 
important in the proximal environment. 
The range and indices of Hatepe ash juvenile clast vesicularities (50-90%, and 75% 
vesicles, respectively) indicate that fragmentation was driven by magmatic volatiles but 
that water played some part in quenching. The minimal variation in juvenile clast 
vesicularity through the deposit and between the facies types indicates that the state of 
the Hatepe magma remained a uniform foam, and that the mechanism of fragmentation 
(but not the water/magma ratio) was consistent throughout Hatepe volcanism. 
Facies a~alysis and mapping of internal variations in ash dispersal confirm that the 
Hatepe ash is not the product of simple sustained magma discharge, but was actually the 
ii 
result of a continuous but highly irregular flux, with fluctuations in magma supply, 
sometimes over very short time intervals, resulting in a range of eruptive styles and 
depositional modes. 
The Rotongaio ash (0.8 km3) is a widespread (>10 000 km2, subunit b, values:::; 2.9 to 5 
km), poorly-sorted fall deposit with abundant evidence for the important involvement of 
liquid water at the vent and in the plume. Modes of deposition were similar to the 
Hatepe ash; dominantly damp to wet mud lump fallout (Md~ = 3.9 to 5.5), but with 
minor episodes of discrete particle fall (Mdll = -1.1 to 1.9) and mixed discrete and 
aggregate fall (Md~ = 1.2 to 2.9) caused by fluctuations in discharge rate. An additional 
depositional mode in medial areas during Rotongaio volcanism was by dilute, turbulent 
density currents, derived from particle-laden downbursts from the umbrella region of 
dense, wet, convectively-unstable plumes. Such a process may account for OCcurrences 
of cross-stratification in the medial-distal parts of other widespread ash falls. 
Secondary processes such as fluvial erosion and reworking, and soft-sediment 
deformation and slurry-flow were important depositional modes that operated syn-
eruptively during Rotongaio (and Hatepe ash) volcanism. The very close association in 
time and space between primary and secondary lithofacies implies that there was a 
strong genetic link between the style of primary eruptive processes and the nature and 
extent of the secondary modification. In many cases the 'secondary' processes formed a 
continuum with primary depositional processes, influenced by the liquid/particle ratio of 
ash fallout and inherent to the mode of eruption. Throughout deposition of the 
Rotongaio ash a delicate balance always existed between primary accumulation, erosion 
and redeposition. 
The Rotongaio ash differs from the Hatepe ash, and most other widespread ash fall 
deposits, in a number of important ways which indicate the Rotongaio ash is not a 
typical phreatoplinian deposit; 1) it is extremely finely laminated in proximal exposures 
and many of these beds cannot be traced into the medial environment indicating it is the 
product of multiple, discrete and non-sustained explosions which dispersed material 
along a number of axes and with a wide range of thinning rates, 2) juvenile clasts are 
mostly poorly- to non-vesicular and clast populations span a very wide range of 
densities (0-65% vesicles) indicating that the Rotongaio magma was partially degassed 
and heterogeneous (unlike the Hatepe ash and other pumiceous phreatoplinian deposits), 
and fragmentation was driven not by vesiculation, but largely by external volatiles, 3) 
the lack of any significant coarse component compared to the Hatepe ash at anyone site 
supports a fundamentally different mode of fragmentation for Rotongaio volcanism and 
vent processes which probably involved significant recycling of clasts through the vent. 
Detailed analysis of the Hatepe ash and Rotongaio ash has provided some interesting 
insights into the nature of large-scale phreatomagmatic eruptions. Ash dispersal patterns 
for subunits of the two deposits indicate that 'wet' and 'dry' plumes, even of 
comparatively small magnitudes (0.02 to 0.8 km3 subunit volumes) behave in distinctive 
ways which hint at fundamentally different dynamics of dispersal. Assessment of lateral 
variations in clast size popUlations sugges~ the differences between proximal strongly 
fines-segregated 'dry' facies and the fines:rich 'wet' facies is an artefact controlled 
mostly by the initial liquid/solid ratio in the plume rather than the mechanism of 
fragmentation. 
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Introduction 
1.1 NATURE AND SCOPE OF STUDY 
1.1.1 Background to Study 
Explosive eruptions and their products are divided by most workers into two end-
member styles of activity; 1) magmatic eruptions of strombolian or plinian style, and 2) 
phreatomagmatic eruptions of surtsey an or phreatoplinian style. Phreatomagmatic 
eruptions are defined as those involving the violent interaction between magma and 
some external source of water. The rapid generation and expansion of steam resulting 
from this interaction may be the dominant driving force of fragmentation and also 
control the style of pyroclast dispersal and deposition. The external water may be from a 
groundwater aquifer, or from surface water such as a river, lake or the sea. There are 
ample opportunities for this dynamic and explosive mixing of magma and water in 
volcanic environments, and most eruptive sequences have at least an opening 
phreatomagmatic phase, or small contribution from magma-water interaction. 
Current classification systems based on Walker (1973) generally divide 
phreatomagmatic eruptions very broadly on the basis of dispersal parameters into two 
poorly-defined categories. Small-scale, cone-building phreatomagmatic eruptions are 
usually classified as surtseyan (the phreatomagmatic equivalent of strombolian 
eruptions), and widespread deposits resulting from large-scale, sheet-forming 
phreatomagmatic eruptions are typically referred to as phreatoplinian (Self and Sparks 
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1978). This study is concerned with the products and processes of large-scale 
phreatomagmatic volcanism, or phreatoplinian eruptions. 
A problem is that, although the style of large-scale phreatomagmatic or 'wet' volcanism 
is widely recognised, our understanding of the eruptive mechanisms and processes of 
pyroclast transport and deposition is qualitative at best, and models for wet eruptions 
remain speculative. Models for large magnitude magmatic (plinian) eruptions are well 
constrained because of extensive field investigations, eruption observations, and scaled 
laboratory experiments. In contrast the products of large-scale wet eruptions have been 
poorly studied and this limited database has precluded further development of the 
original eruptive model. This paucity of data on large-scale phreatomagmatic deposits is 
a consequence of a number of factors including the lack of historic analogues, the 
difficulty of working with and quantifying the very fines-rich deposits of these 
eruptions, and the emphasis over the last decade on modelling magmatic processes, 
plinian volcanism and ignimbrite generation and emplacement. 
1.1.2 Study Objectives 
In this study, two classical widespread phreatomagmatic deposits of the 1.85 ka Taupo 
eruption, the Hatepe and Rotongaio ash deposits, have been examined in detail, with the 
intention of 1) developing models for the eruptive mechanisms and depositional 
processes of large-scale phreatomagmatic eruptions, and 2) further constraining the 
nature and timing of these two phases of the 1.85 ka Taupo eruption. Some of the 
specific issues that this study seeks to explore are: 
1. What the controls are on the apparent differences between deposits of plinian and 
large-scale phreatomagmatic (phreatoplinian) eruptions. In most models the 
apparent fine grain size characteristic of phreatoplinian deposits is interpreted as a 
product of more efficient fragmentation due to added steam explosivity. Is this the 
case or could the apparently fine grained nature be the consequence of 
depositional processes rather than an artefact of fragmentation? 
2. What the mechanism(s) of magma fragmentation are in large-scale 
phreatomagmatic eruptions, and which factors determine the availability of 
external water. As part of their original definition of phreatoplinian volcanism, 
Self and Sparks (1978) proposed that fragmentation involved two stages; an initial 
magmatic fragmentation within the conduit which produces a coarse assemblage 
of pumiceous Clasts which then interact explosively with water close to or at the 
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surface generating a finer ash fraction. Aspects of the Hatepe and Rotongaio 
deposits do not conform to this original definition or the eruptive model proposed 
and these issues are explored in this thesis. 
3. The extent to which deposit characteristics are established 1) at the vent during 
fragmentation, 2) in the plume during transport and deposition, and 3) at the site 
of accumulation. 
4. The nature and dynamics of wet plumes produced by large-scale phreatomagmatic 
eruptions. To explore this theme the diversity of transport, accumulation and 
redeposition processes during such eruptions need to be quantified and from this 
we can construct models for the dispersal and deposition of wet ash. 
1.1.3 Study Approach 
Quantification of changes in eruptive mechanisms with time, and assessment of 
depositional processes temporally and spatially requires that data are collected for 
individual eruptive units within the context of a well constrained stratigraphy. However, 
the deposits of large-scale eruptions are usually fairly massive, and most widespread 
deposits are mapped and sampled as whole eruptive units with little attention usually 
paid to variations within single fall deposits. The Hatepe ash and Rotongaio ash 
deposits are very widespread but they also show significant amounts of internal 
structural and textural variation. A fundamental theme of this investigation of the 
Hatepe and Rotongaio ash deposits is very detailed examination of these variations, 
both vertically and laterally. 
The first part of the study was the establishment of an internal (subunit) stratigraphy for 
each deposit (Smith and Houghton 1995a). Within this framework it has been possible 
to sample individual layers at a millimetre scale and thus assess changes in eruptive and 
depositional processes over narrow intervals of time and space. Detailed ash layer 
thickness and clast size measurements for the subunits of each deposit are presented in a 
compilation of field localities and stratigraphic data in Appendix 1. 
This study draws inspiration from the extensive work of George Walker and Colin 
Wilson, and seeks to build on their innovative studies at Taupo volcano (and elsewhere) 
which have contributed so much to our fundamental understanding of large-scale 
explosive eruptions. 
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1.2 TAUPO VOLCANO 
The most recent explosive eruption from Taupo volcano (1.85 ka; eruption Y of Wilson 
1993)) is the vehicle for this investigation into large-scale phreatomagmatic volcanism. 
Taupo volcano's structure (Northey 1983; Wilson et al. 1984), geochemistry (Dunbar et 
ai. 1989a, 1989b; Sutton et ai. 1995), recent eruptive history (Froggatt 1981a, 1981b; 
Self 1983; Wilson et ai. 1986; Wilson 1993), and general eruption mechanisms (Wilson 
and Walker 1985 (and references therein); Houghton and Wilson 1989; Talbot et ai. 
1994; Smith and Houghton 1995a, 1995b) have been the subject of many detailed 
studies. Here a summary is presented of the nature and setting of the volcano, and 
important aspects of the world-renowned 1.85 ka eruption sequence are discussed as 
necessary background to the thesis. 
1.2.1 Structure and History 
Taupo volcano is a lake-filled, active, caldera centre in the southern-most part of the 
rhyolite-dominated, central portion of Taupo Volcanic Zone (TVZ) (Fig 1.1). Recent 
work (Wilson 1993) has detailed at least 28 eruptions from Taupo in the last 23 000 
years, and time/eruptive volume data indicate that it is the world's most productive 
rhyolite volcano. The structure of the present day centre, infilled by Lake Taupo, was 
formed largely by caldera collapse associated with the 800 km~ Oruanui eruption (c. 
22.6 ka) (Wilson et al. 1986). Geophysical data and geological evidence suggests the 
caldera structure has been little modified by subsequent eruptions, except for collapse 
on the eastern margin of the lake at the close of the most recent explosive eruption at 
] .85 ka (Wilson et al. 1986). 
1.2.2 The 1.85 ka Taupo Eruption 
The 1.85 ka Taupo eruption was the most violent and complex rhyolitic eruption world-
wide in the last 5000 years, and the largest caldera-forming eruption in the TVZ since 
the 22.6 ka Oruanui event. The pyroclastic sequence comprises seven units erupted over 
six contrasting phases of activity (Fig 1.2). The term unit is applied to a deposit of 
distinctive origin, and the telTIl phase is used to denote the equivalent interval of time. 
The sequence includes three phreatomagmatic deposits emplaced during three phases 
(units 1, 3, and 4), two plinian phases (units 2 and 5), an intra-plinian ignimbrite unit 
(unit 6) emplaced during phase 5, and a final caldera-forming phase involving violent 
emplacement of ignimbrite (unit 7) over a very wide area (Fig 1.2). Most ofthe units of 
A 
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this eruption have been studied in some detail(Wilson and Walker 1985, and references 
i 
therein) and a summary only is presented here'. 
TaUllo Eruption Sequence and Deposits 
Unit 1, the 'initial ash', is a locally dispersed (0.05 km3), fines-rich deposit that 
represents minor phreatomagmatic activity in the opening stages of the eruption (Wilson 
and Walker 1985). Unit 2 (Hatepe plinian pumice) is a mostly uniform, well-sorted, 
moderately-sized plinian fall deposit with a bulk volume of 2.5 km3 (Walker 1981a). 
Fine ash beds within this unit in the northerly part of the dispersal area are interpreted as 
due to minor water-aided aggregation and locally-directed dilute density currents from 
the margins of the eruption column (Talbot et al. 1994). 
Unit 3, the Hatepe ash and one of the units examined in detail for this study, represents 
a period of large-scale 'wet' activity when abundant external water gained access to the 
actively vesiculating magma (Walker 1981b; Houghton and Wilson 1989). There is 
abundant evidence throughout this deposit for water-aided deposition and it has been 
described as an archetypal phreatoplinian deposit (Self and Sparks 1978; Walker 
1981b). Previous studies have calculated a whole-deposit bulk volume of 1.9 km3 for 
the Hatepe ash, based on whole-unit thickness contours. Over a significant part of its 
dispersal area, the top of the Hatepe ash is inte~'sively eroded and it is inferred that the 
water for this gullying was ejected from the lake (Walker 1981 b). Previous workers 
have suggested that this gUllying represents a break in the eruption sequence of no more 
than a few weeks. 
Unit 4, the Rotongaio ash (the other Taupo unit which is the focus of this study), has 
been interpreted as the product of large-scale phreatomagmatic activity, and previously 
classified as phreatoplinian in style (Self and Sparks 1978; Walker 1981b). However, 
the Rotongaio ash is quite differenUo the Hatepe ash and all other deposits classified as 
phreatoplinian. It is strikingly fine grained throughout the dispersal area with little 
material coarser than 1 mm, even in the most proximal exposures, and it is composed 
mainly of poorly to non-vesicular juvenile material. The unit is typically plane-parallel 
bedded on a mm to cm scale, and beds consist mostly of a range of small (1-3 mm) ash 
aggregates or show vesicular ash textures. Also, the unit contains numerous 
intraformational gullies and rills produced by syn-eruptive erosion. Many thin beds 
have adhered to steep slopes indicating accumulation as cohesive ash, but thicker beds 
have typically slumped as a mobile ash-slurry. Water-reworked material is ubiquitous 
within the Rotongaio deposit and intercalated at a fine scale with the pyroclastic 
stratigraphy indicating penecontemporaneous fluvial erosion and resedimentation. 
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Unit 5 (Taupo plinian pumice) records the sudden return to a magmatic style of eruption 
involving rapid discharge of very gas-rich magma and fallout of pumice lapilli over a 
very wide area (Walker 1980). This unit is notable for its extremely wide dispersal and 
the very low rate of thinning with distance from vent, and war.; termed 'ultraplinian' by 
Walker (1980, 1981c). Clast dispersal and thickness distance-decay data from this unit 
form an integral part of current numerical plume models. The unit is also the source of 
controversy because of W aJker' s use of crystal mass balance calculations from which he 
derived a volume three times larger (23 km3 ) than that determined from thickness 
contours (7.7 km3). Mapping of this unit and orientation of logs in unit 7 (Taupo 
ignimbrite) were used to first suggest Horomatangi Reefs as the vent location for the 
1.85 ka eruption (Froggatt et at. ] 981). Localised ignimbrite units (unit 6, Fig 1.2) were 
emplaced synchronously with Taupo plinian pumice during phase 5, due to small-scale 
collapse around the unstable margins of the eruption column (Wilson and Walker 1985). 
Unit 7 (Taupo ignimbrite, 30 km3) was emplaced as the climactic phase of the eruption 
triggered by incipient caldera collapse and unroofing of the magma chamber (Wilson 
1985). Wilson (1985) suggests the flow was erupted over only 400 s as a series of 
pulses, and that these coalesced to form a single concentrated flow which travelled 
radially outwards for at least 80 km at up to 300 mls (Fig 1.2). The unit is spread very 
thinly (the archetypal low-aspect ratio ignimbrite) and exhibits considerable lateral 
facies variation due to the violence of emplacement. More recent workers have 
suggested that many of the features of the Taupo ignimbrite are better explained by 
transport not ar.; a thin, dense flow, but as a relatively dilute and turbulent current (Dade 
and Huppert 1996). 
Post-Eruption Events 
Vent collapse and ignimbrite emplacement mark the end of the explosive eruption 
sequence (Fig 1.2), but stratigraphy throughout the central North Island records the 
continuing impact of the eruption. Deposits of fine grained co-ignimbrite ash elutriated 
from the pyroclastic flow are rare and preserved mainly in fissures in the ignimbrite 
which must have opened up soon after emplacement. A range of debris flow, fluvial and 
lacustrine secondary deposits overlie and extend beyond the area directly impacted by 
the eruption, and most of this material seems to have been derived from erosion of the 
non-welded ignimbrite (Smith 1988). Vent collapse and ignimbrite emplacement largely 
emptied the caldera of water. It is estimated that at current inflow rates the lake would 
have taken 20 years to refill (Northey 1983). The lake initially rose to 34 m above the 
present day level, but later fell as the outlet river was able to cut through the eruption 
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deposits (Wilson and Walker 1985). During the refilling of the lake a small lava dome 
was extruded onto the lake floor (eruption Z of Wilson 1993) to form what is now 
Horomatangi Reefs. Pumiceous blocks which floated from the carapace of this 
extrusion were blown by the predominant westerly winds and deposited along the 
eastern shores of the lake (Wilson and Walker 1985). 
Unresolved Aspects of Phases 3 and 4 of the Taupo Eruption 
Previous studies have developed models for the processes during the sustained 
magmatic phases of the Taupo eruption, in particular for the powerful plinian phase 5 
and the climactic ignimbrite-forming phase 6 (Walker 1980; Wilson 1985; Wilson and 
Walker 1985). Surprisingly there have been few explanations for the causes of abrupt 
shifts in eruptive style between phases. In particular, the most vexing unresolved issue 
relates to the shift from sustained eruption of actively vesiculating magma in phases 1, 
2, and 3, to discharge of degassed magma in phase 4, and the subsequent sudden return 
to violent eruption of gas-rich magma in phases 5 and 6. Also, what were the controls 
on the shifts between dry and wet styles of volcanism during the Taupo eruption? 
Similarly, the unique character of the Rotongaio ash, in particular the close association 
between primary and secondary depositional processes indicated by field relations, have 
not previously been fully integrated into the Taupo eruption story. 
1.3 METHODS AND CONVENTIONS 
1.3.1 Thickness and Clast Size Mapping 
New isopach maps have been constructed here for the Hatepe and Rotongaio deposits 
on the basis of recognition of an internal subunit stratigraphy. This approach is 
preferred over simple whole-unit thickness measurements because it provides a greater 
level of detail for determining changes in ash dispersal patterns, quantifying eruptive 
and depositional processes, and accounting for those internal variations due to syn-
eruptive erosion and modification. The Rotongaio ash deposit in particular exhibits a 
range of secondary deposits which are interbedded on a fine scale with primary beds, 
and also contains numerous intra-unit rills and gullies. 
Maximum clast size was measured for the coarser subunits. At each site, an area 
approximately 2 m wide was searched and a single value derived by averaging the three 
axes (long, intermediate, short) of the five largest clasts. For the Hatepe ash maximum 
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juvenile pumice (MP) and maximum wall rock lithic (ML) clast size were measured. 
Due to the limited size of wall rock lithics and the hydraulic equivalence of the dense 
juvenile and wall rock clasts in the Rotongaio ash, an overall maximum clast (MC) 
measurement was made. 
1.3.2 Volumes 
Subunit volumes were calculated from new isopachs using the log-thickness versus 
square root of isopach area plots of Pyle (1989) and as modified by Fierstein and 
Nathenson (1992). From these the Pyle dispersal parameter of thickness half-distance 
(b t) has been derived for each subunit. Clast half-distance values (be) could only be 
calculated for the coarsest subunits from which maximum clast size measurements were 
possible. 
1.3.3 Particle Size Analysis 
Particle size analysis represents the most significant and useful tool for the 
quantification of non-welded deposits of explosive eruptions. From particle size data 
critical information is obtained about the eruptive and depositional history of deposits. 
There are two key aspects to the strategy of particle size analysis employed in this 
study; 1) the sampling approach, and 2) procedures used in the analyses and dealing 
with the data. 
Sampling Approach 
Previous sampling of the Hatepe and Rotongaio deposits for grain size have been from 
whole-unit channel samples (Walker 1981b), or from selected layers at a single site only 
(Talbot 1988). Channel sampling and sampling of single localities cannot provide the 
constraints necessary for quantifying vertical and lateral variations within fine grained 
and multiple-bedded deposits. In this study all sampling has been achieved within a 
stratigraphic framework, samples have been collected from correlative beds across the 
dispersal area on a number of transects, and individual layers as thin as 2 mm have been 
sampled to detail small-scale variations within subunits. 
Procedures and Data Analysis 
Due to the wide range of grain sizes in the Hatepe and Rotongaio ash units a number of 
methods of analysi~were required to measure the entire particle range including wet 
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sieving, dry sieving and quantitative instrumental analysis of fines (sub 63 ~m (4 phi) 
material). The methods employed and the procedures for each sample are detailed in 
Appendix 2. An important point to note here is that the sieve technique applied to 
coarse particles and the instrumental techniques used for sub-63 ~m material utilise 
different concepts of particle size and produce results that are not strictly compatible. 
However, all previous particle size analyses presented for the Hatepe ash and Rotongaio 
ash units have been of these incompatible data sets. It is critical to the veracity of 
interpretations based on particle size analyses that a correction is applied for the 
compatible merging of instrumental and sieve data sets. Consequently, previous Hatepe 
and Rotongaio ash particle size analyses are not used for comparative purposes in this 
study, and previous depositional interpretations for fine grained fall deposits based on 
mixed data set particle size distributions must be treated with extreme caution. For 
example, one artefact of this incompatibility is that size distributions may show an 
apparent bimodality where the data sets merge, and this has formed the basis of some 
assumptions about processes in phreatomagmatic volcanism at Taupo (e.g. Talbot 
1988). Therefore, in this study a correction has been applied to all particle size data 
(technique presented in Appendix 2) to improve the compatibility of the data sets and 
provide a rigorous basis for interpretation of eruptive mechanisms and depositional 
processes. 
1.4 TERMINOLOGY 
There are a number of terms used regularly throughout this study which have only 
unpublished definitions or for which exact meanings are unclear or have become 
obscured over time. Presented here are definitions for some terms as used in this study: 
• Juvenile clast is used to refer to particles freshly derived from magma, 
irrespective of density (cf. Walker 1981b). The term dense juvenile is used to refer 
to poorly- to non-vesicular juvenile clasts. Wall rock lithic refers to foreign clasts 
derived from the conduit walls during fragmentation. 
• Water/magma ratio refers to the mass of water to magma in the vent at 
fragmentation which is interpreted as the critical control on the style of volcanism. 
It is used to denote a relative rather than absolute amount of water involved in 
phreatomagmatic eruptions and a distinction is sometimes made between end-
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member high water/magma ratio wet eruptions, and low water/magma ratio wet 
eruptions which have a hybrid 'wet' and 'dry' signature. 
• Wet volcanism: general term, irrespective of scale, for eruptions involving 
magma-water interaction which can be inferred from density of juvenile 
components and abundance of particle aggregates. 
• Phreatoplinian volcanism: introduced by Self and Sparks (1978) as a term to 
classify widespread, fine grained, pumiceous fall deposits produced by large-scale 
eruptions involving the sustained interaction between actively vesiculating magma 
and abundant water (i.e. the 'wet' equivalent of plinian eruptions). Although the 
Rotongaio ash consists dominantly of dense juvenile material it has been 
classified as phreatoplinian (Self and Sparks 1978; Walker 1981b). 
• Dry volcanism: general term for magmatic eruptions irrespective of magnitude. 
Proximal deposition is of discrete clasts which sediment from dry plumes 
according to size, shape, and density, with limited distal contribution by particle 
aggregation. 
• Plinian volcanism: term for large-scale, sustained magmatic eruptions which 
produce widespread, relatively well-sorted fall deposits. Depositional style is 
dominantly dry, and particle size decreases progressively away from source. The 
term 'plinian-style' is used to refer to well-sorted fall deposits deposited under dry 
conditions. 
• Wet faU: accumulation of fines-rich material in the form of wet aggregates of ash 
(accretionary lapilli and mud lumps), generated by cohesion of liquid-coated fine 
particles. This depositional style is typical of high water/magma ratio 
phreatomagmatic eruptions, but is also possible during magmatic eruptions and 
from co-ignimbrite plumes due to passage of rain showers or local high humidity 
(see note at end of section). 
• Liquid/particle ratio: reJative amount of liquid (mostly water +/- acid species) and 
particles in ash aggregates during transport and deposition, inferred from response 
of aggregate on deposition and textures preserved in deposits. 
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• Dry fall: discrete clasts, sedimented from plumes in which fine particle 
aggregation was not significant. Characterised by progressive changes in grain 
size with distance from source. Typical proximal deposition style for magmatic 
eruptions, but also commonly produced during phreatomagmatic eruptions under 
low water/magma ratio conditions. 
The definitions of wet and dry fall are important in this study because there is the 
potential for confusion when discussing depositional processes as opposed to wet 
(phreatomagmatic) and dry (magmatic) fragmentation. In this thesis a distinction is 
made between conditions of deposition, versus conditions in the vent in use of the terms 
dry and wet. 
1.5 THESIS ORGANISATION 
This study is concerned principally with exploring the nature and dynamics of large-
scale phreatomagmatic eruptions in time and space. To achieve this, a subunit 
stratigraphy has been established for each of the Hatepe and Rotongaio units, and a 
number of lithofacies defined which characterise the main eruptive and depositional 
processes. Chapters 2 and 3 are concerned with the Hatepe ash, and chapters 4 and 5 
focus on the Rotongaio ash. In chapters 2 and 4 details of the nature of the subunit 
stratigraphy of each deposit are presented first, providing a framework for evaluation of 
ash dispersal patterns, vent positions and deposit volumes. Chapters 3 (Hatepe) and 5 
(Rotongaio) build on this information and present field and laboratory data for all 
lithofacies which form the basis for interpretation of the two deposits, and for extended 
discussions on eruptive mechanisms and depositional processes of large-scale 'wet' 
volcanism. Conclusions are presented for each unit in chapters 3 and 5. Chapter 6 brings 
together interpretations for each deposit and presents models for these two large-scale 
wet eruptions as part of a revised eruption narrative for phases 3 and 4 of the 1.85 ka 
Taupo eruption. Chapter 7 highlights the main findings reached in chapters 3, 5 and 6, 
and considers the implications for our understanding of large-scale phreatomagmatic 
volcanism. 

2 
2.1 INTRODUCTION 
2.1.1 Chapter Philosophy 
The Hatepe ash deposit is a fine grained, poorly sorted, and widely dispersed pumiceous 
fall unit which Self and Sparks (1978) described as a type example of phreatoplinian 
volcanism. Features such as the widespread presence of accretionary lapilli and other 
ash aggregation textures, intra-eruption erosion intervals, and the fines-rich nature of 
proximal fall depositl), all attest to the important role of water-aided fallout in the 
eruption. One of the best known features of the 1.85 ka Taupo eruption fall sequence is 
the spectacular gully erosion that marks the contact between the Hatepe ash and the 
Rotongaio ash over part of the medial dispersal area (Walker 1981b). 
Up until now, there has been no detailed examination of the stratigraphy of the Hatepe 
ash. Without this work there has existed only a speculative basis for determining, at 
best, broad temporal and spatial relationships during Hatepe volcanism. Comprehensive 
field work for this study has led to the delineation of a number of lithostratigraphic 
subunits within the Hatepe ash (Tables 2.1 and 2.2) enabling, for the first time, detailed 
mapping of ash dispersal patterns, and lithofacies analysis. Within this framework it has 
been possible to accurately determine time-space relationships of eruptive and 
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depositional mechanisms during Hatepe ash volcanism, and there have been a number 
of unexpected outcomes: 
1. recognition of stratigraphic variations in grain size and bedding which indicate 
that the Hatepe ash deposit is not the product of a simple sustained eruption, but 
was produced under a range of eruptive conditions, 
2. identification of a new source vent for Hatepe volcanism, 
3. characterisation of changes in ash dispersal patterns associated with changes in 
eruptive style, and 
4. previously undocumented patterns of variation in grain size and sorting which 
provide new insights into wet plume dynamics. 
2.1.2 Previous Work 
The Hatepe ash has previously been studied as part of regional soil and tephra mapping 
projects (Vucetich and Pullar 1964), and in investigations of the 1.85 ka Taupo eruption 
which have focused mainly on the plinian phases and the violently emplaced climactic 
ignimbrite (Froggatt 1981a; Walker 1980, 1981a, 1981c; Wilson and Walker 1985). As 
part of a study of fine ash deposits of the Taupo sequence, Talbot (1988) sampled a 
single Hatepe and Rotongaio stratigraphic section and measured morphological 
properties of fine ash particles. 
There have also been a number of studies which have examined the Hatepe ash and the 
other 1.85 ka units as part of broader investigations of eruptive processes. Dunbar and 
coworkers (Dunbar et al. 1989a, 1989b; Dunbar and Kyle 1992) determined pre-
eruptive volatile contents for each of the Taupo eruptives and, in an investigation of the 
role of external versus magmatic volatiles for a wide variety of deposits, Houghton and 
Wilson (1989) looked in detail at vesicularity modes and ranges for each of the 1.85 ka 
units. 
2.1.3 Stratigraphic Nomenclature 
Due to the colour and plasticity of the unit when wet, the Hatepe ash was referred to as 
the 'putty-ash' during early investigations of Taupo volcano eruptives (Healy et al. 
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1964). In his study of the products of the 1.85 ka Taupo eruption, Froggatt (1981a, 
1981b) grouped the Hatepe ash with the Hatepe plinian pumice and referred to both 
units collectively as the 'Hatepe Tephra' (Table 2.1). Walker (1981b) and Wilson and 
Walker (1985) recognised the Hatepe ash as a distinctive and separate unit from the 
Hatepe plinian pumice in their revision of the Taupo eruption stratigraphy. Under the 
most recent revision of nomenclature for the post-Oruanui stratigraphy at Taupo 
volcano, Wilson (1993) defined the Hatepe ash as Subunit Y3 (subunit 3 of eruption Y; 
enlption 27 of 28 since the Oruanui event at 22.6 ka). 
Table 2.1 
Summary of previous stratigraphic nomenclature for the 1.85 ka Taupo eruption products, and the 
nomenclature used in this study for description of Hatepe and Rotongaio ash internal stratigraphy and the 
framework adopted for discussion of the various eruptive phases. 
Upper Taupo Taupo Ignimbrite Taupo ignimbrite Subunit Phase 6 
Pumice (various (various Y7 
Rhyolite depOSitional depositional 
Siock Sed facies) facies) 
early ignimbrite Subunit 
Taupo Lapilli Taupo Lapilli flow units Y6 Phase 5 
SubUnit 
Y5 
Rotongaio Rotongaio Ash Rotongaio Subunit Rotongaio ash Phase 4 
Ash phreatoplinian Y4 subunits (see 
ash chapter 4) 
•••• " .. " ••• u .... u ................... u 
Rn-G 
n ••• uuuu ................... 
Rn-F 
H •• n ...... uunuuHHu .... 
Rn-E 
••• u ••••• uuuunnunnnu 
Rn-D 
n ••• ,UuUU~u •••••••••••• u. 
Rn-C 
n.""'u .. uu ........... UUUUUI 
Rn-S 
••• uuu""uu ....... """uu .. u* 
Rn-A 
putty- Hatepe Subunit Hatepe ash Phase 3 
coloured ash phreatoplinian Y3 subunits 
ash ~.~ .. u ..... Uuuu""u""uuu Ha-D 
.~u.UuuuuunU:.".ft'.uu 
Ha-C 
Hatepe Tephra n •••• ' .. wu .... u ........ UUUUtl Ha-S 
"uuu~n'nn .. nn~~~uu~nu 
Ha·A 
Halepe plinian Subunit Phase 2 
Halepe Lapilli pumice Y2 
initial ash Subunit Phase 1 
Y1 
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2.1.4 Chapter Structure 
This chapter serves as an introduction to the Hatepe ash, presenting new field and 
laboratory data that provide~ a basis for more detailed analysis and interpretation of 
eruptive and depositional mechanisms in chapter 3. The chapter is structured around the 
internal stratigraphy of the Hatepe ash deposit (Smith and Houghton 1995a), starting 
with general descriptions of individual subunits, their stratigraphic relationships and 
lateral variability, followed by assessment of subunit dispersal patterns and volume. The 
chapter concludes by drawing these data together in resolving the nature of the phase 3 
to 4 transition of the Taupo eruption and determining a likely source vent configuration 
for Hatepe ash volcanism. 
2.2 HATEPE ASH STRATIGRAPHY 
An important aspect of this study is the establishment of a mappable lithostratigraphic 
and lithofacies framework in which changes in eruption parameters can be quantified. 
However, before examining the details of the Hatepe stratigraphy it is necessary to 
clearly define the spatial context for this temporal framework. 
2.2.1 Terminology and Definitions 
The terms proximal, medial, and distal are used in volcanology to denote a relative 
sense of distance from the source vent, providing a convenient and ~9_I1omical ~means 
of describing lateral variations within a deposit. The scale of these relative zones is 
dependant on eruptive style and dynamics, as well as processes of transport and 
emplacement. For an eruption sequence such as Taupo 1.85 ka, involving a number of 
phases of different eruptive styles and dispersa1 patterns, it is especially important to 
clearly define the specific context in which the terms are used for the various phases. 
In this study of the Hatepe and Rotongaio ashes, proximal, medial, and distal are used 
not only to denote a relative sense of distance from vent, but also in discussion of broad 
domains with similar stratigraphic and facies character. The definitions used in 
discussion of the Hatepe ash stratigraphy are as follows: 
Proximal - localities within 10 km of vent characterised by complex stratigraphy 
showing rapid lateral changes, with significant volumes of laterally-
emplaced material. 
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In the case of Taupo volcano, vents for all recent activity lie several kilometres offshore 
within Lake Taupo (Wilson 1993; Smith and Houghton 1995a). The most proximal 
accessible exposures of deposits from the 1.85 ka eruption are approximately 6 km from 
the source vents. The term proximal is used for sections which fall in the approximate 
range of 5 km (lake edge) to lO km from the inferred vents, and which lack the uniform 
planar bedded subunit stratigraphy of medial sections. With this usage some 'proximal' 
beds are actually further from vent than other localities which display 'medial' subunit 
stratigraphy (see section 2.2.3). 
Medial - sections occurring between approximately 8 and 50 km of the vent in which the 
subunit stratigraphy of the Hatepe ash can be recognised, mapped and 
co rre lated. 
In this area primary deposits are dominated by fall accumulation, the stratigraphy is 
planar and any variations are systematic and take place over distances of kilometres. 
The term inner-medial is used in reference to sections close to the proximal-medial 
boundary which show hybrid proximal and medial stratigraphic and textural 
characteristics, and evidence often for both fall and lateral emplacement. Outer medial 
is used to refer to the furthest medial sections (-35-50 km from vent) in which most 
elements of the subunit stratigraphy are recognisable, but the distinction between 
subunits is less obvious and it becomes more difficult to establish bed by bed 
correlati ons. 
Distal - sections beyond approximately 50 km of the vent in which most subunits are not 
recognisable with limited correlation possible. 
The start of the distal zone is defined as the point beyond which detailed isopachs of the 
subunit stratigraphy cannot be mapped accurately. This distance for each subunit varies 
but, in general, sections beyond approximately 60 km of the vent lack any recognisable 
subunit stratigraphy and, because the emphasis of this study is on facies relationships 
constrained by a stratigraphic context, these sections were not studied in any detail. 
Importantly, in this context the term distal encompasses a much greater area than that 
considered 'distal' in previous whole unit mapping of the Hatepe and Rotongaio 
deposits, and in mapping of the plinian phases (cf. Wilson and Walker 1985). 
2.2.2 Medial Subunit Stratigraphy 
In this study the Hatepe ash has been subdivided into four lithostratigraphic subunits, 
Ha-A, Ha-B, Ha-C and Ha-D (Table 2.1; Fig 2.1). Subdivisions were made on the basis 
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Fig 2.1 
A " Graphic log of medial Hatepe ash subunit stratigraphy. B " Field photograph of typical medial Hatepe 
ash, showing well developed subunit boundaries and internal bedding. 
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of groupings into packages of texturally similar beds, separated by well-defined 
boundaries that can be confidently traced over the largest possible area of dispersal. The 
recognition and correlation of these subunits in the medial environment forms the 
fundamental frame of reference for all subsequent discussions on the Hatepe ash. It is 
difficult to identify even minor elements of this subunit stratigraphy in the complex and 
variable proximal environment and that is why the medial stratigraphy is examined first. 
Table 2.2 summarises the main characteristics of each of the medial Hatepe subunits. 
Since later discussions will involve references to stratigraphic aspects of both the 
Hatepe and Rotongaio ashes, a prefix identifies subunits as pertaining either to Hatepe 
ash (Ha) or Rotongaio ash (Rn). Appendix 1 lists map grid and geographic references 
and, where applicable, stratigraphic measurements for all field localities investigated in 
this study. Appendix 2 lists the results of granulometric analysis for sampled localities 
of both the Hatepe and Rotongaio deposits, along with statistical parameters derived 
from grain size analyses. Figure 2.2 presents detailed stratigraphic columns showing the 
nature and relationships of the medial Hatepe ash stratigraphy. 
Ha-A 
The base of the subunit Ha-A is defined by the first widespread appearance east of the 
lake of fine ash at the top of the Hatepe plinian pumice, and the top by the abrupt 
change to more fines-rich material in the body of the Hatepe ash (Fig. 2.1). This subunit 
can be identified over an area east of Lake Taupo of approximately 2000 km2 (Fig 2.2). 
Ha-A is very poorly sorted (typical medial values Mdo = -0.8-2.7, (j~= 2.6-3.9; e.g. Fig 
2.3; Table 2.2) and comprises a massive lower half of fines-bearing coarse ash to 
medium lapilli and bedded upper half consisting of thin planar alternations of fines-
free/poor and fines-bearing intervals (Fig. 2.1). While the lower and upper parts of this 
subunit are texturally quite distinct (see facies discussion in following chapter, section 
3.2.1) they occur together throughout the dispersal area and the distinction between 
them becomes less marked with distance from vent (Fig 2.2) making it unreasonable to 
map them separately. 
Clasts of Ha-A beds are dominantly juvenile (>80% of individual size fractions) with 
very low quantities of wall rock lithic components (0-5% of individual fractions) (Fig. 
2.3). The juvenile clasts are mostly highly vesicular (-75% of total juvenile 
component), with lesser amounts of poorly vesicular (high density) pumice and non 
vesicular (obsidian) juvenile material (10-12% of total juvenile content per individual 
size fraction). Wall rock lithic clasts consist mostly of rhyolite lavas with lesser 
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quantities of welded ignimbrite. The quantity of the wall rock component decreases 
significantly in the finer size fractions, and for <4 phi (63 ~m) fractions the wall rock 
lithic component is negligible. Crystals occur only within the -1 to 4 phi (2 mm - 63 
~m) size fractions, typically peaking around 0 to 2 phi (l mm - 250 ~m) at 10-12 
modal % of the individual fraction. 
Table 2.2 
Summary of dispersal, volume and field characteristics for all Hatepe subunits. V = volume, b, = thickness 
half-distance, be = clast size half-distance, k ;::: thickness decay slope on isopach area plot. 
Ha-A 
Ha-B 
Ha-C 
Ha-O 
Ha-B 
East and NE, with wide 
crosswind range 
V=0.15km3 
b, = 4.4 km 
k = 0.088 km·1 
SE with wide crosswind 
range 
V = 0.66 km3 
b,;::: 5.2 km 
k;::: 0.076 km·1 
Narrowly-confined to S E 
V;::: 0.14 km3 
b,;::: 5.5 
be;::: 5.4pum 4.9lithic 
k = 0.072 km-1 
East and NE, broad 
crosswind range 
V = 0.80 km3 
b,= 5.5 
k ;::: 0.071 km-1 
Md~= -0.8-2.7 
(j~ ;::: 2.6-3.9 
Strongly bimodal fines-
bearing intervals, 
unimodal fines-poor 
intervals 
Ash beds Md¢ = 3.3-4.5 
G¢= 2.3-3.4 
Lapilli Intervals 
Md~ ;::: 0.42-1.03 
(j, = 3.0-3.4 
Unimodal ash beds, 
bimodallapilli intervals 
Md, = -2.2-0.63 
(j~ = 2.8-4.8 
Bimodal distributions 
with dominant coarse 
mode 
Md~ = 2.4-4.5 
0',= 2.0-2.4 
Fine grained unimodal 
distributions 
Poorly-sorted pumiceous coarse 
ash and lapilli. Comprises massive 
fines-bearing lower half, and upper 
'ribbed' half with alternations of thin 
fines-free and fines-bearing 
intervals. Transition from coarse 
Hatepe plinian pumice into fine 
grained Hatepe ash. 
Predominantly very fine grained 
and poorly-sorted. Planar bedding 
defined in otherwise massive ash 
by dm-spaced partings of fines-
poor pumice lapilli. Ash accretion 
textures. Local gullying and 
reworking in medial and distal 
sections. 
Coarse relatively well-sorted 
'plinian-style' subunit. Locally fines-
bearing basal half. Dominantly 
pumiceous juvenile clasts with 
minor dense juvenile and wall rock 
fragments. 
Relatively well-sorted, lapilli-poor, 
fine-very fine pumiceous ash. Ash 
accretion structures. Severely 
eroded in medial sections, by 
water. 
The basal contact of this subunit is marked by an abrupt change from the relatively 
fines-poor nature of Ha-A, and the upper contact is defined by the abrupt change into 
the very coarse Ha-C (Fig 2.1). Bracketed by much coarser subunits, subunit Ha-B is 
predominantly fines-rich and poorly-sorted (Md$ = 3.3-4.5, (J$ = 2.3-3.4; Table 2.2; Fig 
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2.3), and can be confidently identified over an area of approximately 4000 km2 east of 
Lake Taupo (Fig 2.2). 
Thin, dm-spaced, locally fines-free partings of coarse ash and pumice lapilli (Md~ == 
0.4-1.0, a~ ::::; 3-3.4) define laterally continuous planar bedding within the otherwise 
massive subunit (Fig. 2.1; Table 2.2). Four ash packages are delineated by the lapilli 
partings but cannot be mapped individually beyond the medial setting (Fig 2.2). The 
basal package is weakly-bedded and relatively rich in coarse ash and fine pumice lapilli. 
The overlying two packages are lapilli-poor and very fine-grained, with mud lumps and 
small accretionary lapilli present. The topmost package is fines-rich but shows an 
increase in coarse ash and lapilli closer to the Ha-C contact, suggesting a gradual 
change in eruptive conditions marking the close of Ha-B activity. 
Componentry of Ha-B beds is simHar to beds of Ha-A; dominantly pumiceous juvenile 
material with a very small wall rock lithic component (Fig. 2.3). Material finer than 40 
is 100% juvenile glass fragments. 
This subunit is the coarsest interval within all the wet fall units of the Taupo eruption 
sequence (i.e. initial ash, Hatepe ash, and Rotongaio ash) and resembles in appearance a 
'plinian-style' dry fall deposit, with coarse pumice lapilli up to 100 mm (Md~::::; -2.2-0.6, 
ao= 2.8-4.8; Fig 2.3), and smaller dense wall rock lithics and dense juvenile clasts up to 
30 mm in diameter. Ha-C can be confidently identified and correlated over an area of 
approximately 2500 km 2 east of Lake Taupo. The medial Ha-C typically consists of two 
beds; a lower, fines-bearing very coarse package with a strongly bimodal particle size.? 
distribution, and an upper, fL~~s.=}Joor to fines-poor relatively well sorted, unimodal to 
weakly bimodal bed (Figs. 2.1 and 2.2) (see chapter 3). However, the fines-content of 
the lower bed is variable between medial sections (see facies discussion in chapter 3 for 
significance of this variation) and becomes less pronounced away from vent until, in 
outer-medial and distal sections, the entire Ha-C subunit appears as a single fines-poor 
'plinian-style' bed. 
Componentry of Ha-C beds is very similar to beds of subunits Ha-A and Ha-B (Fig. 
2.3). Of particular interest is that there is no significant difference in wall rock content 
and proportions of vesicular and dense juvenile components between this coarse grained 
subunit and the other finer grained subunits. 
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Ha-D 
Ha-D is the best sorted and most uniformly fine-grained of the ash-rich Hatepe subunits 
(Md$ = 2.4-4.5, a~= 2.03-2.4) (Fig. 2.1 and 2.3). This subunit can be identified over an 
area of at least 3000 km2 , with the contrast in grain size between Ha-B and Ha-D 
usually enabling Ha-D to be distinguished even where the distinctive Ha-C marker bed 
is absent from the stratigraphy. Diffuse planar concentrations of coarse ash and fine 
lapilli define a weak internal bedding (Fig. 2.1 and 2.2). and soft mud lumps are evident 
in narrow horizons that can be traced between outcrops a few kilometres apart. 
Componentry of samples from Ha-D beds is remarkably uniform and there are no 
significant differences from the other subunits in either relative proportions of wall rock 
and juvenile clasts, or dense and vesicular juvenile components (Fig 2.3). 
A key feature of Ha-D is that it is typically severely eroded in proximal and medial 
localities, and is often present only as minor remnants on the interfluves between deep 
gullies carved often to below the Ha-AlHatepe plinian contact. Closest to the vent, 
where erosion was most intense, Ha-D is typically stripped away completely. Because 
the nature of the Ha-DlRotongaio contact has considerable significance for determining 
vent location, it is discussed more fully in section 2.4. 
2.2.3 Proximal Stra'ligraphy 
The stratigraphy of the most proximal exposures of Hatepe ash is very different to the 
medial and distal Hatepe stratigraphy (Fig 2.4). For Hatepe ash exposed between 
Hatepe settlement and Mission Bay (Fig 2.4), sections consist of very fine grained 
(Md~= 3.3-5.1, a~ = 1.9-3.8; e.g. Fig 2.5), massive and wavy-bedded ash which lacks 
any features recognisable as correlatives of the medial subunit stratigraphy. 
Furthermore, bedding in many intervals is clearly not planar and, locally, bed geometry 
shows a strong relationship to relief on the depositional surface. 
Bedding in the thickest, most proximal sections (localities 4 and 174; Fig 2.4) is defined 
by irregular and discontinuous wavy trains of pumice lapilli indicative of lateral 
emplacement (Fig 2.4 and 2.6a). In contrast, proximal localities further south and east 
are massive and relatively lapilli-poor (Figs 2.4 and 2.6b, c), and most beds contain ash 
aggregation textures (see chapter 3, section 3.2.1) suggesting fall emplacement. 
However, intervals within these more massive sections can show marked thickness 
variations over a few tens of centimetres. In particular, a compact, lapilli-free bed 
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Stratigraphic sections from proximal Hatepe ash (see inset), showing general absence of clear subunit 
boundaries, and lateral variations over short distances. In particular, note the rapid thinning over the space 
of a few hundred metres from locality 114 to 116. Units in centimetres. Grid references refer to NZMS 260 
1 :50000 NZ grid (see Appendix 1). 
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demonstrates a marked response to local topography, pinching out over cm-scale relief 
(Figs 2,4 and. 2.6c; see chapter 3 for more detailed facies descriptions). 
2.2.4 Distal S'lratigraphy 
Subunits identified in medial Hatepe ash become less distinctive as the grain size 
characteristics of the Hatepe ash changes with distance from vent (see chapter 3). 
Between approximately 45 and 60 krn downwind from vent the Hatepe stratigraphy can 
be characterised by two bed types, (Figs 2.2 and 2.7): 
1) fines-poor coarse-medium ash representing distal Ha-A and Ha-C, and 
2) massive medium to fine ash, with weakly bimodal distributions, representing 
distal Ha-B and Ha-D. 
It is this second bed type which dominates the distal stratigraphy and, in areas away 
from the axis of dispersal for Ha-C, it comprises the full Hatepe stratigraphy (Fig. 2.7b). 
2.2.5 Lateral Stratigraphic Varia'lions 
Within the proximal sequence there are few suitable markers for correlating either 
between sections within the proximal environment or even between the proximal and 
medial stratigraphy, and the logs (Figs 2.2 and 2.4) highlight this considerable variation 
in the proximal stratigraphy and the contrast in complexity with the medial stratigraphy. 
Correlations in the medial stratigraphy are shown for transects along the dispersal axis, 
and proximal and distal transects across the dispersal axis show the extent of crosswind 
variability. 
Localities close to the proximal-medial transition naturally exhibit a hybrid of proximal 
and medial stratigraphic elements and textural characteristics (Fig. 2.4). At locality 140 
(Fig 2.2), for example, subunits are richer in very fine ash, more poorly sorted and 
contacts between subunits are more diffuse compared with medial sections further from 
the vent. Also, Ha-C at this locality is quite distinctive, consisting of well-rounded small 
and medium pumice lapilli with scattered outsize pumice clasts (Fig 2.8). While the 
grain size character of Ha-C at this locality is typical of fall deposits (Fig. 2.3), the 
pronounced rounding of clasts is unusual and indicates clast collision and abrasion, 
suggesting particle concentrations were high during transport and emplacement. 
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Fig 2.7 
Typical distal Hatepe stratigraphy; A.- Locality 73, 50 km east from Ihe source vent, showing a difrfuse central 
band of coarse ash representing distal Ha-C. Disturbed stratigraphy around branch moulds on lefl. 8- Localily 
85, 50 km northeast of the source vent showing massive fine-medium ash which dominates the distal Hatepe 
ash stratigraphy. Grid references for localities lisled in Appendix 1. 
Fig 2.8 
CI'ose-up of Hatepe ash at locality 140 in the proximal-medial transition, showing the fines-rich nature of Ha-8 
and Ha-D, and the small, rounded lapilli clasts of Ha-C. distinctive of this locality. 
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To the southeast, sections show a progressive change from the massive and wavy-
bedded character of the southern most proximal localities, to more medial-like 
characteristics, with subunit boundaries becoming more clearly defined further from 
vent (Fig. 2.9). In this area, however, it is locally difficult to determine unequivocally 
the Ha-BID boundary due to the restricted dispersal of Ha-C (Fig. 2.9b, c), and distally 
the Hatepe ash becomes a single massive ash unit (Fig. 2.ge). 
Stratigraphic complexity downwind to the northeast within the medial and distal 
settings is limited (Figs 2.2 and 2.10). However, there are significant textural changes 
with distance from vent, and identifying the exact contact between the Hatepe plinian 
pumice and Ha-A, distinguishing between Ha-A and Ha-B, and delineating internal 
packages within subunits becomes progressively more difficult along the dispersal axis. 
This is likely to be due to a combination of changes in dispersal patterns with time and 
changes in depositional styles with distance from vent (see chapter 3). 
The lack of a correlatable subunit stratigraphy in the most proximal sections (localities 4 
and 174) is probably a function of the dominance of lateral deposition mechanisms. For 
the proximal sections further south and southeast, and sections in the proximal-medial 
transition, poorly-defined internal stratigraphy appears to be a function of three things: 
1. restricted dispersal of some elements of the stratigraphy, 
2. rapid, high particle concentration fallout close to source, perhaps with mixing of 
proximal products from a number of small successive events, and 
3. distal influence from vent- or column-margin-derived, dilute pyroclastic currents. 
2.3 SUBUNIT DISPERSAL CHARACTERISTICS AND VOLUME 
2.3.1 Mapping Philosophy 
In this study 198 Taupo eruption localities were investigated and, where appropriate, 
both the Hatepe and Rotongaio ash deposits were logged in detail at mm-scale and clast 
size measurements made. Appendix 1 tabulates subunit thicknesses and maximum clast 
size measurements for all localities. Isopach and isopleth maps were constructed from 
these data to determine plume dispersal patterns, assess eruptive source(s), and to allow 
calculation of individual subunit and DRE volumes. Estimates for volumes and 
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numerical dispersal characteristics (summarised in Table 2.2) were calculated using the 
methods of Pyle (1989) as modified by Fierstein and Nathenson (1992). 
2.3.2 Subunit Dispersal and Volume 
Ha-A 
Ha-A has a wide dispersal predominantly to the east and northeast suggesting fall 
deposition from a laterally extensive plume(s) with a significant cross wind range (Fig. 
2.11). The pattern of thickness values of inner-medial sections indicates a source vent 
for Ha-A at a previously unrecognised location a few kilometres southwest of 
Horomatangi Reefs. There is some uncertainty in isopach construction for the more 
distal Ha-A values (dotted contours) because of the diffuse nature of both the upper and 
lower contacts of this subunit, but reasonable constraints on vent location are provided 
by the proximal and medial localities. 
Isopach data plotted on a log-thickness versus (isopach are a) 112 diagram give a volume 
estimate of 0.15 km3 for Ha-A (Fig. 2.12). Notably, Ha-A has the lowest thickness half-
distance (b t) value (steepest decay rate) of all the subunits (b l = 4.4 km). 
Ha-B 
As with Ha-A, thickness contours for Ha-B also show a very wide dispersal and a 
significant crosswind range indicating laterally extensive eruption plumes. The isopachs 
identify a source area a few kilometres to the southwest of Horomatangi Reefs (Fig. 
2.13). The details of dispersal are different to Ha-A, with the Ha-B dispersal axis 
oriented predominantly to the east-southeast, and a very steep drop off in thickness 
values evident to the south. Assuming confidence in the thickness data, the different 
dispersal axis orientations for Ha-A and Ha-B may reflect either changes in wind 
direction with time, or contrasting maximum plume heights and different wind 
directions at different levels in the atmosphere. 
A volume estimate of 0.66 km3 was calculated for Ha-B using the log-thickness versus 
(isopach area)1/2 plot (Fig. 2.12). The isopach area data for Ha-B demonstrate a very 
similar thickness-decay pattern to Ha-D and a bt value of 5.2 km. 
Fig 2.11 
Isopach map for Hatepe ash 
subunit Ha-A. Thickness values 
in miUimetres. Black dots without 
thickness values record localities 
where subunit cannot be 
distinguished. Numbers around 
margin refer to NZ 1 :50 000 
metric grid. 
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Fig 2.13 
Isopach map for Hatepe ash 
subunit Ha·B. Thickness values 
in millimetres. Black dots 
without thickness values record 
localities where subunit is 
absent or cannot be 
distinguished. Numbers around 
margin refer to NZ 1 :50 000 
metric grid. 
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Ha-C 
Ha-C thickness contours display a dispersal pattern that differs from all the other 
subunits (Fig. 2.14). Dispersal is to the east-southeast but isopachs are strongly elliptical 
compared to the near concentric geometry of the ash-rich subunits. The general isopach 
pattern for Ha-C closely resembles that of plinian phases 2 and 5 of the Taupo eruption 
(Walker 1980, 1981a), and is distinctive from the geometries displayed by the ash-rich 
subunits. The relatively narrow crosswind range of Ha-C isopachs allows for rigorous 
determination of the Hatepe ash source and confirms the vent location for Hatepe Ash 
volcanism was in an area about 4 kilometres southwest of Horomatangi Reefs. 
The coarseness and fines-poor character of Ha-C are conducive to easy and rapid 
collection of maximum pumice (MP) and maximum wall rock lithic (ML) 
measurements. These valuable clast size data have enabled isopleth maps to be 
constructed for Ha-C (Figs. 2.15 and 2.16) which further support a vent location for 
Hatepe Ash volcanism southwest of Horomatangi Reefs. However, it should be noted 
that due to the narrow cross-wind range of Ha-C the margins of the MP and ML 
isopleths, especially to the south, are poorly constrained. 
A volume of 0.14 km] was calculated for Ha-C from the new subunit isopach data (Fig. 
2.12). The thickness distance-decay exhibited by Ha-C is similar to Ha-D, with a b l 
value of 5.5 km calculated from a single straight line of best fit. Clast size distance-
decay patterns for Ha-C MP and ML are close to parallel (Fig 2.17), with clast size half-
distances of 5.4 and 4.9 km, respectively. Using the bl versus bJb t ratio classification 
scheme of Pyle (1989), Ha-C plots in the Plinian field with an implied eruption column 
height of approximately 26 km (Fig 2.18). Calculations using the crosswind versus 
downwind range of maximum clasts (Carey and Sparks 1986) give plume height values 
of between 30 and 35 km, and a wind speed of approximately 10 m/s. 
Ha-D 
Thickness contours for Ha-D show a very broad dispersal to the east and northeast (Fig. 
2.19), again indicating fallout from a very expanded plume. Many thickness values in 
medial localities are minima due to substantial fluvial erosion of the subunit, and 
contours are dotted because of this uncertainty. However, the distal crosswind margins, 
where erosion was minimal or non-existent, provide satisfactory control on the general 
dispersal pattern for Ha-D. Ha-D is the most voluminous of all the Hatepe ash subunits 
Fig 2.14 
Isopach map for Hatepe ash 
subunit Ha-C. Thickness values 
in millimetres. Black dots without 
thickness values record localities 
where subunit is absent or 
cannot be distinguished. 
Numbers around margin refer to 
NZ 1 :50 000 metric grid. 
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Maximum pumice isopleth 
map for Hatepe ash 
subunit Ha-C. Clast size 
values in millimetres. Black 
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Lithic isopleth map for Hatepe 
ash subunit Ha-C. Clast size 
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dots without values record 
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Isopach map for Hatepe 
ash subunit Ha-D. 
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(0.80 km3), with a similar thickness distance-decay (bl = 5.5 km) to Ha-B and Ha-C 
(Fig. 2.12). 
2.3.3 Dispersal Parameters and Eruptive Style 
While in detail all the subunits exhibit different dispersal patterns, two general plume 
geometries emerge from analysis of the new Hatepe ash isopach maps. Relatively 
narrow and elliptical thickness contours define dispersal for the coarse, plinian-style 
Ha-C. Such isopach geometry is typical of dispersal from high (approx. 28 km 
determined from Ha-C clast size dispersal data), relatively dry plume(s). In contrast, all 
the other (ash-rich) subunits exhibit relatively broad, more circular thickness contours 
indicating significant crosswind penetration by plumes. This is quite different to the 
tongue-like, nearly parallel isopach contours measured by Hayakawa (1983) for the ash-
rich intervals of the 13 ka Hachinohe phreatoplinian deposit, erupted from Towada 
volcano, Japan. 
The broad isopach geometries of subunits Ha-A, Ha-B, and Ha-D are interpreted as a 
function of dispersal from relatively low (tropospheric), wet, dense plumes. 
Interestingly the contrast in isopach patterns is not reflected strongly in thickness 
distance-decay parameters (b l values) which are similar for all the ash-rich subunits as 
well as the strongly fines-segregated Ha-C. More instructive is a comparison of mass 
per unit area distance-decay trends for each subunit (Fig 2.20). Mass per unit area was 
determined for selected medial isopach intervals for each subunit on the basis of in-situ 
density values of 1000 kg/m3 for Ha-A, 700 kg/m' for Ha-C, and 1200 kg/m3 for Ha-B 
and Ha-D. These data delineate two main mass/unit area distance-decay trends which 
show a strong correlation to subunit character and eruptive style; 1) a relatively shallow 
distance-decay trend for the coarse subunit Ha-C, and 2) a much steeper distance-decay 
trend for all the ash-rich subunits Ha-A, Ha-B, and Ha-D. 
Comparison of Hatepe ash subunit dispersal parameters with those of the two plinian 
units from the 1.85 ka Taupo eruption is shown in Fig 2.21. The extremely widespread 
Taupo plinian has a very high b l value and plots as a distinctive shallow, single straight 
line well above all other plinian deposits. Of most interest is the comparison between 
the dispersal parameters of the preceding Hatepe plinian pumice and the Hatepe ash 
subunits. The Hatepe plinian pumice plots as two straight lines but the more proximal 
thickness distance-decay trend parallels that of all the Hatepe ash subunits. 
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2.3.4 Volume Estimate Comparisons 
The new subunit dispersal data yield a volume estimate of 1.75 km3 for the Hatepe ash, 
based on a cumulative total for all the individual subunits (Table 2.2). This is 
significantly less than the previously accepted volume estimate for the Hatepe ash of 2.5 
km3 (Walker 1981b) (Table 2.3) and warrants some discussion. In comparing these data 
there are two main issues: 
1. the basis of isopach construction, and 
2. the mathematical method used to calculate volume from the isopach area data. 
A volume estimate of 2 km3 presumably based on whole unit isopach data was 
calculated by Froggatt (1981) using the trapezoidal rule. The Walker (1981 b) estimate is 
based on whole unit isopachs and derived from log-thickness versus log-area plots. 
Fierstein and Nathenson (1992) have shown both these methods to be unsatisfactory in 
calculating tephra fall volumes and the new individual subunit volumes have been 
derived using log-thickness versus the square root of isopach area. 
To evaluate the significance of whole deposit versus subunit isopach mapping in 
volume calculations the associated volume estimates must be based on the same 
calculation technique. It was necessary, therefore, to digitise Walker's published whole 
deposit Hatepe ash isopachs and determine areas for these isopachs, and then recalculate 
his whole deposit volume using the log-thickness versus (isopach area)112 method. This 
method gives a volume of 1.42 km3 which, not unexpectedly, is markedly less than the 
volume derived by the log-log technique (2.5 km3) and, of most interest, significantly 
less than the volume determined in this study based on subunit isopachs (1.75 krn3), 
The difference between the whole-deposit isopach estimate and this study's higher 
subunit isopach estimate emphasises an important point. Whole unit thickness 
measurements are adequate for characterising dispersal from single event sustained 
eruptions where eruptive and depositional conditions change little during the course of 
an eruption. However, for multiple-bedded widespread deposits such as the Hatepe ash 
and Rotongaio ash containing internal erosional contacts, isopachs based on 
measurement of only the whole-deposit thicknesses will tend to average out any 
variations in thickness of individual beds within the deposit. Multiple-bedded deposits 
are not the product of single sustained eruptions; rather they represent the result of a 
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number of eruptive bursts of varying style and magnitude. In recognising an internal 
lithostratigraphy and measuring isopachs on individual subunits, a variety of effects 
(post- or syn-eruptive erosion and soft-sediment deformation, changes in eruptive style, 
or variations in dispersal patterns with time) can be documented and accounted for, 
enabling a more accurate volume calculation. 
In comparing this study's subunit volumes with that detennined by whole unit mapping, 
it essential to highlight that these subunit estimates represent absolute minimum 
volumes for two main reasons. First, only medial isopachs were used in determining 
subunit dispersal areas. Any changes in thickness decay rates beyond the area of 
unequivocal subunit recognition cannot be detected. Whole-deposit mapping enables 
contouring over a much broader area unfetted by stratigraphic constraints, and the 
'< ~,,,,,-~,-c __ ~ __ ~n'~~ ~ 
shallower thickness decay of these data (Fig 2.12) may indicate some increase in 
thickness half-distance beyond 60 -70 km from vent for one or some of the Hatepe ash 
stratigraphic elements. Second, the offshore Hatepe source vent prevents measurement 
of truly proximal deposits and the minor contribution from near-vent cone-forming 
deposits cannot be incorporated in volume estimates for any Taupo eruptives. 
Table 2.3 
Comparison of previous bulk, lithic, and DRE volume estimates for the Hatepe ash with volumes 
calculated in this study. Volumes from this study and that recalculated from Walker (1981 b) isopachs 
based on Pyle (1989) diagram plots. Original Walker (1981b) estimate determined by log-log 
thickness/area plot. Froggatt (1981 b) used the trapezoidal rule in calculating Hatepe ash volume. 
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2.4 ERUPTIVE SOURCE AND VENT CONFIGURATION 
2.4.1 Hatepe Ash Source Vent 
The new isopachs for Hatepe subunits and isopleths of Ha-C all indicate a previously 
unrecognised source for Hatepe ash, a few kilometres southwest of Horomatangi Reefs 
(Smith and Houghton 1995a). All the Hatepe subunits have strong dispersal to the east 
and support a single source vent, but isopach patterns differ in detail. Most striking is 
the contrast between the extensive crosswind dispersal of the ash-rich subunits (Ha-A,-
B,-D) and the more narrowly confined dispersal of the ash-poor Ha-C. 
Previously published isopachs of the Hatepe ash were used as supportive evidence for a 
single source vent at Horomatangi Reefs for all the phases of the Taupo eruption 
(Wilson and Walker 1985). These data are unreliable for two reasons. First, values for 
the most proximal localities of Hatepe ash include thick sequences of material that were 
clearly laterally emplaced and have no simple correlatives in the medial fall 
stratigraphy. In this study these localities are not used in constructing isopachs or 
calculating subunit volumes. Second, as noted earlier, previously published Hatepe ash 
isopachs have been based on whole deposit thickness measurements. In this study, 
isopachs and isopleths of individual subunits of the Hatepe ash have enabled greater 
resolution of vent configuration through evaluating changes in ash dispersal patterns 
with time, and by accounting for internal variations in bed thickness due to syn-
depositional erosion. 
The recognition of a new vent for Hatepe ash volcanism (phase 3 of the Taupo eruption) 
has implications for interpreting the nature, source, and timing of the preceding Hatepe 
plinian deposit (phase 2) and the succeeding Rotongaio ash deposit (phase 4). 
2.4.2 The Phase 2-3 Transition 
The Hatepe plinian unit and the Hatepe ash are essentially two contrasting deposits of 
broadly continuous eruptive events. Evidence for the close relationship between the two 
units is overwhelming: 
1. the nearly identical componentry with similar wall rock and juvenile proportions 
(Fig 2.3), 
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2. the similar nature of juvenile clasts with only a slightly lower average water-
quenched clast vesicularity for the Hatepe ash (Fig 2.3 and Houghton and Wilson 
(1989», and 
3. a contact between the two units that is demonstrably transitional, with a 
progressive decrease in lapilli particle size at the top of the Hatepe pumice and 
increase in fines content through subunit Ha-A. 
Given this relationship it is likely, then, that the Hatepe plinian (and the initial ash) was 
derived not from Horomatangi Reefs but from the same vent as identified for the Hatepe 
ash a few kilometres to the southwest. In light of this it is timely to re-evaluate the 
Hatepe plinian pumice isopachs and isopleths presented by Walker (1981a) (Fig 2.22). 
A more southwestern source is equivocal on the basis of the isopach data alone. 
However, the clast size data as presented are open to reinterpretation. To confirm this 
more detailed mapping of the distribution of the Hatepe plinian deposit is required, 
ideally based on establishment of an intemallithostratigraphy. 
2.4.3 The Phase 3~4 Boundary 
The contact between the Hatepe ash and Rotongaio ash is a critical datum in the Taupo 
eruption sequence for two reasons: 
1. it represents an abrupt and dramatic change in eruptive style and dynamics, and 
2. it marks a period of short-lived but intense, localised fluvial erosion which is 
thought by Walker (1981b) to be vent derived. 
Interpretation of the nature of this contact is vital for understanding not only the 
changes in eruptive dynamics across this division, but also for addressing the question 
of timing of the Phase 3 to Phase 4 transition, and assessing any likely vent 
configuration for the Taupo eruption. 
Nature of the Hatepe ash-Rotongaio ash Contact 
It is generally assumed that the contact between the Hatepe and Rotongaio ashes is 
essentially gullied throughout the dispersal area (Wilson and Walker 1985). However, 
field investigations for this study have shown that the nature of the Hatepe-Rotongaio 
contact changes markedly across the dispersal area (Fig. 2.23). In localities to the 
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northeast, the contact between the Hatepe and Rotongaio ash deposits is finely 
interbedded (Fig. 2.23a), with one or two thin laterally continuous beds of dense 
orange-grey Rotongaio ash evident within the very top of the pumiceous Hatepe ash. 
This relationship solves not only the question of timing for the Hatepe-Rotongaio 
transition, but provides further evidence that the vent configuration (and near surface 
plumbing) for the Taupo eruption was more complex than previously interpreted. The 
new data clearly show there can have been no time break at all between eruption of the 
Hatepe and Rotongaio deposits and, for a short period, there was simultaneous activity 
from separate vents. 
The Significance of Gully Patterns 
Walker (1981b) suggested that the pattern of gully depths at the Phase 3-4 boundary 
indicated the influence of a vent-derived waterspout phenomenon originating within the 
area of Horomatangi Reefs. While Walker's spout mechanism may be broadly correct, 
the inferred relationship of gullying induced by this waterspout to a source vent at 
Horomatangi Reefs is untenable. This is because the pattern of Ha-D isopachs suggest 
that the area of greatest erosion is in fact further south, where erosion is sheet-like and 
preservation of discrete gullies is rare (Fig. 2.19). In this area Ha-D is largely removed 
and the Hatepe-Rotongaio contact is often subplanar and eroded well towards the base 
of the Hatepe ash (Fig. 2.23c) (see chapter 3, section 3.3). This indicates that whatever 
the mechanism and source of water, erosion was most intense in an area a few 
kilometres east of the newly determined vent area for Hatepe ash volcanism. 
2.5 SUMMARY 
The Hatepe ash is a widespread, multiple bedded, fine grained and poorly-sorted 
deposit. The fine grain size and widespread occurrence of ash aggregates in the 
proximal to medial dispersal areas indicate deposition during most of Hatepe ash 
volcanism was controlled by the presence of water in plumes which induced fine 
particle aggregation and the premature fall out of fine grained material. The source of 
this water was mostly from large-scale magma-water interactions and not simply from 
passing rain showers. The presence of abundant water at the vent and a 
phreatomagmatic style of volcanism are indicated by a wider range of Hatepe ash 
juvenile clast vesicularities than in the underlying Hatepe plinian deposit, and because 
changes in the nature of the Hatepe ash deposits are systematic and show a clear 
relationship to distance from source. 
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To facilitate detailed mapping of ash dispersal patterns, and to provide a framework for 
assessment of spatial and temporal changes in eruptive and depositional mechanisms, 
four lithostratigraphic units (Ha-A, Ha-B, Ha-C and Ha-D) have been defined for 
medial Hatepe ash. Thickness-distribution patterns for these subunits have helped 
identify a new source vent for Hatepe volcanism (phases 2 and 3 of the Taupo eruption) 
a few kilometres southwest of Horomatangi r~efs, the previously determined vent area. 
These subunit isopachs have also enabled a rigorous revision of Hatepe ash bulk and 
DRE volumes (1.75 and 0.7 km3, respectively) based on calculations for individual 
subunits using the log thickness versus square root of isopach area method. 
Contrasting subunit dispersal characteristics and variations in grain size, bedding and 
aggregate structures indicate that phase 3 of the Taupo eruption cannot have been a 
simple sustained eruption involving a single and uniform style of particle transport and 
deposition. Rather, the Hatepe ash represents the product of a variety of eruptive 
mechanisms and depositional processes. The products of Hatepe ash volcanism are 
further assessed, and the important processes that operated are evaluated, discussed and 
modelled in the following chapter. 
3 
3.1 INTRODUCTION 
3.1.1 Chapter Philosophy 
Facies concepts are an important tool in physical volcanology for synthesising vertical 
and lateral changes in units and represent a powerful means of interpreting processes. 
Detailed facies models have been established for the products of small-scale 'wet' and 
'dry' eruptions (e.g. Houghton and Schmincke 1989; Houghton and Smith 1993; Brown 
et al. 1994), for ignimbrite and density current emplacement (e.g. Wilson and Walker 
1985; Branney and Kokelaar 1992; Druitt 1992; Bursik and Woods 1996), and a 
number of physical and numerical models developed for plinian eruptions and the 
dispersal of pyroclasts from volcanic plumes (e.g. Walker 1981c; Carey and Sparks 
1986; Bursik etal. 1992; Woods 1995). 
In contrast, there have been relatively few studies of the deposits of large-scale 
phreatomagmatic (phreatoplinian) eruptions (e.g. Walker 1981b; Self 1983; McPhie 
1986; Branney 1991), and most of these have been of a general nature and considered 
relationships over large (tens of km) scales. A combination of an assumed uniformity of 
these deposits (Self and Sparks 1978), the lack of any historic eruptions unequivocally 
of this style, and the difficulty of dealing with very fine grained ash have perhaps, in the 
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past, made phreatoplinian deposits unappealing to study. Consequently, interpretations 
of ash fall deposits have been limited and, in contrast to large scale magmatic eruptions, 
our understanding of eruptive and depositional processes in large phreatomagmatic 
eruptions remains speculative. In this study, fine-scale examination of the Hatepe ash 
(and Rotongaio ash) has shown that these superficially massive units are complex at a 
variety of scales, and the use of lithofacies in fine grained fall units can be an instructive 
modelling tool. 
This chapter sets out to resolve a number of key issues critical for understanding the 
eruptive mechanisms and depositional processes of large wet eruptions. These are: 
1. to what extent are the deposit characteristics established, a) upon fragmentation in 
the vent, b) in the plume during transport, c) at the site of deposition, and 
2. how uniform are the processes of fragmentation, transport, deposition and 
redeposition spatially and temporally? 
3.1.2 Chapter Structure 
The chapter is divided into four main sections. The first two present detailed field and 
laboratory data for the characterisation of primary pyroclastic and secondary reworked 
lithofacies identified within the subunit stratigraphy. Subsequent sections are concerned 
with interpretation of these facies, with discussion centred on the relative contributions 
from various eruptive and depositional processes to the nature of the Hatepe ash facies, 
and how these processes changed in time and space. The chapter concludes by 
summarising the main themes of importance specifically to quantifying Hatepe ash 
volcanism but also of general significance to understanding large-scale wet eruptions. 
3.2 PRIMARY PRODUCTS 
Median size (Md¢), sorting (O"~) and fragmentation value (F) plots for all Hatepe ash 
samples (Figs 3.1 and 3.2) are an instructive starting point for evaluating the nature of 
Hatepe ash facies. Figure 3.1 demonstrates the grain size variability within the various 
depositional environments, and Figure 3.2 emphasises the extent of lateral change in 
grain size characteristics. 
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Proximal and medial Hatepe ash have been subdivided into four broad facies groups on 
the basis of grain size and interpreted mode of transport and emplacement. These are: 
1. Coarse Fall Facies - comprising beds dominated by lapilli and coarse ash clasts 
and in which most of the >200 Ilm diameter clast population may be inferred to 
have been transported and deposited as discrete particles with particle aggregation 
pI aying an important but lesser role for the <200 Ilm diameter fraction, 
2. Ash Aggregate Facies - consisting of fine-very fine ash beds in which particles 
were transported and deposited almost exclusively as aggregates. Physical 
evidence of these aggregates (e.g. mud lumps and accretionary lapilli) are not 
always preserved but can be inferred from grain size data. 
3. Mixed Lapilli and Ash Fall Facies - beds with a roughly equal mix of coarse 
lapilli and fine-very fine ash deposited through a combination of ash aggregation 
and discrete particle fall, 
4. Laterally Emplaced Facies - beds emplaced laterally by vent-derived, low particle 
concentration density currents. 
These four groupings reflect four broad but distinctive modes of pyroclast transport and 
deposition. Table 3.1 summarises the different primary facies within these groupings, 
their occurrence, character and interpreted eruptive and depositional processes. 
3.2.1 Coarse Fall Facies 
This grouping encompasses all beds with a predominance of lapilli sized clasts that 
were transported and deposited largely as individual discrete particles with fine particle 
aggregation having played a variable but always minor role in deposition. 
Character and Dis'tribution 
Coarse lapilli fall beds are an important but subordinate component of the fines-rich 
Hatepe ash, comprising all of Ha-C, intervals of medial Ha-A, and the minor lapilli 
partings of medial Ha-B. Two lapilli fall facies variants are recognised on the basis of 
fines (sub 63 Ilm (4 phi) content. Fines-poor lapilli fall comprises the upper-half of 
inner-medial Ha-C (Fig 3.3), inner-medial Ha-B partings, and dominates outer-medial 
and more distal Ha-C. Fines-bearing lapilli fall is present variably at the base of Ha-C 
Chaplcr 3 Halepe Ash - Eruplive Mechanisms and Depositional PlOcesses 
A 
B 
Fig 3.3 
Characteristic field appearance of fines-poor coarse fall facies of A) medial subunit Ha-C (locality 18). 
and 8) outer-medial Ha-C (grid references in appendix 1). 
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within inner-medial sections (Figs 3.4 and 3.5) and at a few localities as a thin interval 
within upper Ha-C, and is an important component of medial Ha-A. The unconsolidated 
fine ash component is a combination of weak, low density mud lumps and soft, mm-
thick coatings on lithic and pumice lapilli clasts. 
Table 3.1 
Summary of primary depositional facies identified within the four broad groupings defined for the Hatepe 
ash. 
Coarse Fall Facies 
Fines·poor lapilli Upper medial Ha·C, Md~=·2.2- -0.9 Fines-poor, fine-coarse Relatively dry fall deposit 
partings in medial Ha-B mjl = 1.9-4.1 lapiliL Typical 'plinian- with aggregation of <200 
style' bed, fining with ~m particles. Low 
distance from vent. water/magma ratio. 
Fines-bearing Base of inner-medial MdeJ ;,,-9:9-1.8 Similar to above bed Relativel~ dry fall deposit 
lapilli Ha-C, intervals of crljl =( 3. -418 type but with fine ash with loca ised ash Inner-medial Ha-B ",-~~",. matrix comprising aggregation due to wet 
coalesced ash and dry plume mixing 
aggregates 
Ash Aggregate Facies 
Matrix-supported Medial Ha-B, Ha-D, MdeJ = 3.1-5.1 Matrix-supported Fallout of relatively dry 
mud lumps massive ash beds crljl = 1.9-3.8 accretiona~ lapilli, often accretionary lapilli with proximally and prox- with fine as rims. destruction of most on 
medial transition Lateral thickness impact (matrix). 
variations in proximal 
beds 
Clast-supported Rare, Ha-B and -D Md~ = 3.1-5.1 Clast-supported Accumulation of intact 
mud lumps and crljl = 1 .9-3.8 accretionary lapilli damp accretionary lapiliL accretionary lapilli Dispersal from low, cool 
and wet plumes 
Vesicular Ash Medial Ha-B, base of Md0 = 3.1-5.1 Vermiform 'vesicular:' Accum. of wet acc. lapilli. 
inner-medial Ha-C, Ha-
crljl = 1.9-3.8 texture revealing Textures controlled by D coalesced, plastically water-ash ratio and 
deformed accretionary accumulation rate 
lapilli 
Ash and Lapilli Mixed Fall Facies 
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Fig 3.4 
Characteristic field appearance of fines-bearing coarse fall facies of subunit Ha-C, locality 104 (grid 
references in appendix 1). 
10 - --
50 )',\ 
;, Homm al, ngl 
.) Hatepe vent 
•• ,. '\ , .. ) 100 
<)-/ 20~~ 
/j -----~ ~ 
Subunit Ha-C Thickness 
Fig 3.5 
1-
---
-....... 
---; • ·s ....... 
__ 0 T{,)C(J "doe " 
--- 0. • '\. 
'\. 
\ 
\ 
.0 \ 
/ 
./ 
/ 
I 
I 
/ 
Distribution of the basal fines-bearing coarse fall facies in subunit Ha-C. Distribution of entire subunit Ha-
C shown for reference. 
60 
Chapter 3 Halepe Ash - Eruptive Mechanisms and Depositional Processes 61 
Grallulometry 
The coarse fall facies are the coarsest and yet also the most poorly sorted of all the 
,/' )'1'«') 
Hatepe ash facies (Fig 3.6). All samples plot well outside of Walker"sjpyroclastic fall 
field and have grain size characteristics similar to Walker' s/ignimbrites. iHowever, these 
facies are clearly the product of fall (mantle-bedded, p~mice and wall rock clasts 
hydraulically equivalent) and the poor sorting and high sub-4 phi (63 !lm) contents may 
reflect the variable contribution of particle aggregation. Particle size distributions for 
the fines-poor facies exhibit steep coarse modes around -3 to -1 phi (8-2 mm) (Fig 3.7a) 
and broad subsidiary fines modes around 5 phi (32 !lm). In contrast to classic plinian 
clast populations (Walker 1980), the fines-rich facies is very poorly-sorted (Fig 3.7b) 
and particle size distributions have broad secondary fines modes around 5 to 6 phi (32-
15 !lm). 
Comparison of coarse fall particle size distributions from along the dispersal axis show 
a progressive shift of the (dominant) coarse mode to finer sizes with distance from vent 
(Fig 3.7). Such a trend is most clearly exhibited by relatively coarse, 'dry' fall deposits 
where the clasts coarser than about 200 !lm in diameter are transported as discrete 
particles and are fractionated from the plume according to their size, shape, and density 
(Walker 1981c). In this way the coarsest populations are found closest to the vent with 
progressively finer populations further from vent. The fines-poor coarse fall beds 
demonstrate this well established and modelled decay of clast size with a fine-shift of 
coarse mode from -3 phi (8 mm) at 8 kilometres from vent to 0.5 phi (700 !lm) 50 
kilometres from vent. A similar decrease in coarse mode grain size is evident for fines-
bearing lapilli fall beds although the near-source trend is complicated by the abundance 
of fines in the most proximal beds (Fig 3.7B). From these particle size distributions, 
little change with distance is manifest in either the proportion or mode of the fine 
fraction for the fines-bearing and fines-poor coarse fall variants. 
Examination of evolution with distance of selected correlative grain size populations 
further elucidates the grain size story (Fig 3.8). For both Ha-A and Ha-C coarse fall 
beds the expected fining of coarse fractions does not emerge until approximately 20 km 
from source. Up until this distance all fractions show a dramatic coarsening trend that 
"? 
must reflect a high rate of ~!"l~~: fallout close to vent. Apart from these near-vent 
changes there is little fractionation with distance apparent in any of the <250 !lm (2 phi) 
populations suggesting they were probably transport':~nd deposited as aggregates. The 
/1 
strong fractionation of >1 mm fractions is characteristic of discrete particle fall and 
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provides an important size constraint on those clast populations of coarse fall beds 
involved in particle aggregation. 
Clast Morphology and Vesicularity 
Coarse juvenile clasts from this facies of Ha-C and the proximal occurrences in Ha-B 
are mostly highly vesicular and similar in morphology to magmatic clasts from the 
underlying Hatepe plinian pumice (see chapter 2). Analysis of a population of juvenile 
lapilli clasts from Ha-B Coarse fall beds reveals a slightly wider range of vesicularities 
(53-87%) and a similar overall mean (77%) compared with the range and mean (60-
89% and 75%, respectively) of clasts from Ha-C. 
Ash-sized particles «4 phi (63 ~m)) were examined by scanning electron microscopy 
(SEM) using techniques presented in Sheridan and Marshall (1983). The clasts are 
predominantly vesicular and particle morphology largely reflects vesicle abundance, 
size and shape (including near-spherical, ellipsoidal and tube vesicles) (Fig 3.9). Dense 
particles are present, but rare, and are either platy fragments or blocky and equant with 
curvi-planar surfaces. There is little evidence for pitting or surface alteration of ash 
particles. Particle edges are mostly sharp but a few clasts appear to have slightly 
rounded modified edges. Such edge modification is not usually observed on clasts of 
fall deposits (Heiken and Wohletz 1985) but similar edge modification is also apparent 
on lapilli sized pumice clasts of this and other Hatepe ash fall facies suggesting clast 
interaction was high. 
Overall particle morphology and vesicularity of ash and lapilli in this facies are 
consistent with fragmentation of a rapidly vesiculating, viscous silicic magma, with 
perhaps enhanced quenching and inhibition of post-fragmentation clast expansion due 
to interaction with minor external water. 
3.2.2 Ash Aggregate Facies 
Within the ash-rich beds of the Hatepe ash, aggregate structures of fine particles are 
readily identifiable. The best evidence for particle aggregation is the presence of intact 
accretionary lapilli or mud lumps. However, in the absence of structures the importance 
of aggregation processes is also indicated by certain grain size characteristics and the 
occurrence of other fine ash textures and structures such as ash coatings on coarse clasts 
and armoured or cored lapilli. Three different ash aggregate facies were identified 
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Coarse Fall Facies 
SEM Images 
, 
Fig 3.9 
SEM Images of 63 11m particles from sample 16/07 (subunit Ha-C), showin9' clast morphology typical of 
ash particles of the coarse fall facies. A- Overview of sample, 8- higher magnification view of area shown 
in white box. Note dominantly vesicular juvenile clasts with bubble wall fragments. 
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within the Hatepe ash: 
1. matrix-supported beds with scattered small intact aggregates, . 
2. clast-supported beds with closely-packed small aggregates, and 
3. vesicular ash beds with remnant partially coalesced aggregates. 
These three facies are similar to types of ash aggregate textures described by Rosi 
(1992) from deposits in the Phlegrean Fields. However, interpretations of some textures 
differ in this study. 
The common features of all beds of this facies group are the abundance of very fine ash 
and the presence of intact ash aggregate structures (or proxy evidence that they must 
have existed at the time of deposition). However, all these facies contain a variable but 
minor coarse ash and rare lapilli-sized component, indicating aggregate fallout was 
accompanied by minor fine discrete particle fallout. 
Character and distribution 
Matrix-Supported Facies 
A common feature of medial Ha-B and -D and massive proximal beds is the presence of 
scattered spherical to disc-shaped mud lumps and accretionary lapilli supported within 
otherwise structU(~=!1sS fine to very fine ash fall beds (Fig 3.10). The scattered 
aggregates are fragile and can rarely be extracted intact from the outcrop. They 
generally lack very fine ash rims and are typically between 5 and 10 mm in diameter, 
though there are rare occurrences of aggregates up to 15 mm in diameter. The 
accretionary lapilli observed in the Hatepe ash are relatively small compared to those 
found in other phreatoplinian deposits including the Taupo-derived Oruanui ash (23 ka), 
in which aggregates are typically 20 mm in diameter and can be easily extracted intact 
from outcrop revealing very dense structures with well developed very fine ash rims. 
Under the classification scheme of Schumacher and SChi§incke (1991), accretionary 
lapilli and mud lumps in the Hatepe ash are predominantly core-types. 
Interestingly, in this facies disc-shaped accretionary lapilli or mud lumps are found at 
right angles as well as parallel to bedding, suggesting that post-depositional compaction 
normal to the bedding plane is not necessarily the reason for the occurrence of all flat-
shaped accretionary lapilli, and possibly such shapes are primary and are generated 
f( 
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Fig 3.10 
Characteristic field appearance of matrix-supported ash aggregate facies (locally closely-packed areas) 
within subunit Ha-8, locality 33 (grid references in Appendix 1). Coin measures 28 mm across. Note the 
small, massive , often disc-shaped nature of the ash aggregates. 
Fig 3.11 
Characteristic field appearance of, a narrow parting of clast-supported ash aggregate facies within a generally 
massive bed (with scattered intact mud lumps) of subunit Ha-B, locality 16 (grid references in appendix 1). 
Coin measures 28 mm across. Note the contrast in aggregate size, shape and density compared to the matrix-
rich facies. 
Fig 3.12 
Characteristic 'vesicutar' 
field appearance of 
partially-coalesced ash 
aggregate faCies within 
subunit Ha-[), locality 9 
(grid references in 
appendix 1). Coin 
measures 28 mm 
across. Note the 
irregular void shapes 
and remnant aggregate 
structures. 
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through aggregation processes in the plume (cf. Gilbert and Lane 1994). Alternatively, 
these may have deformed on deposition or have been disturbed from their resting 
position by impacts with other falling aggregates. 
Clast-Supported Facies 
This facies is less prominent than the other aggregate facies types and consists of 
closely packed, typically spherical accretionary lapilli or mud lumps with a clast-
supported texture, and open voids or only minor matrix between the aggregates (Fig 
3.11). The accretionary lapilli are mostly small (typically 5-8 rnm), soft, low density 
structures of massive fine to very fine ash. These structures can be measured in outcrop 
but, because of their weak nature are difficult to extract undamaged. Similar closely-
packed accretionary lapilli beds have been identified in other phreatoplinian fall 
deposits (e.g. Hachinohe ash, Hayakawa 1983). 
Vesicular Ash Facies 
A common feature of the ash-rich subunits of the Hatepe ash is the presence of fine, 
irregular (vermiform) and of ten interlocking network of 'vesicles' a few millimetres in 
v 
diameter. This facies occurs in three main situations including 1) as thick, discrete and 
laterally continuous beds (Fig 3.12), 2) as laterally discontinuous horizons a few 
millimetres thick within massive unstructured beds, and 3) as the transition between 
matrix-poor accretionary lapilli facies and massive ash beds. Close examination of the 
walls of the larger 'vesicles' in the Hatepe ash reveal the irregular form of partially 
coalesced mud lumps (Fig 3.12). 
Transitions Between Ash Aggregate Facies 
All the ash accretion facies occur in close association with each other within the ash-
rich beds of subunits Ha-B and Ha-D. The matrix-poor facies is rare and occurs in the 
other facies as thin laterally discontinuous intervals often only a single accretionary 
lapilli thick «15 mm). These sometimes lenticular intervals of matrix-poor 
accumulations of accretionary lapilli pass laterally and vertically into massive ash over 
a distance of a few centimetres, with the change sometimes marked by a transition into 
partially coalesced accretionary lapilli with vermiform void space. Such transitions 
clearly demonstrate common eruptive and depositional processes and similar conditions 
of formation for each of the ash aggregate facies. The small scale on which variations in 
the nature of each facies are observed suggest they are the result of only subtle changes 
spatially and temporally in the depositional assemblage of ash particles and water. 
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Structur€-jess Ash-Rich Beds 
',-~,.~~ 
Some ash-rich beds lack any remnant ash aggregate structures and are often dense and 
compact. In medial localities these beds are found in association with matrix-poor and 
partially coalesced beds, and grain size characteristics of these massive beds are 
typically identical to that of the other ash accretion facies. These factors all imply 
strongly that the ash was transported and deposited as aggregates rather than as discrete 
individual cla",ts. The contrast in textures with the other ash facies must be a function of 
either syn-depositional processes inherent to the nature of those ash aggregates, or 
reflect a post depositional process unrelated to the style of ash accumulation. Thin 
{:, 
intervals of ci~st-supported facies or vermiform vesicular textures within the massive 
beds shows that in some cases the differences probably reflect temporal fluctuations in 
the primary state of the depositing material. The different ash aggregation styles 
identified in the Hatepe ash are significant for interpretations of eruptive and 
depositional processes and are discussed in section 3.4. 
Granulometry 
Ash aggregate facies beds are the most fine grained and best sorted of all the Hatepe 
facies. Most samples plot straddling Walker'~\fall and flow fields on an Inman diagram, 
and across the fines-rich end of the F11F2 defined flow field (Fig 3.13), 
Particle size distributions of samples of ash aggregate facies are typically unimodal with 
peaks around 4-5 phi (45-32 lim) (Fig 3.14). However, comparison of cla",t populations 
from along the dispersal axis reve~\ an unusual change in grain size with distance for 
ash aggregate facies. The most proximal aggregate beds are unimodal with well-defined 
fine modes but correlative beds at progressively further distances from vent show an 
apparent coarsening trend with samples at intermediate distances comprising broad, 
sometimes polymodal distributions. In striking contrast, the most distal sampled 
populations are bimodal with coarse modes around 1 to 1.5 phi (500-350 ).lm) and less 
prominent fine modes at around 5 phi (32 lim). Such a coarse-shift in mode is unusual 
(cf. Self and Sparks 1978) and implies a fundamental change with distance in the grain 
size population of the evolving fine ash plumes. This coarse shift is measurable in ash 
aggregate beds from both Ha-B and Ha-D (Fig 3.14), although development of coarse 
modes is most pronounced in Ha-B samples. 
Plotting changes with distance of individual fractions for ash aggregate beds is an 
effective way to examine evolution of clast populations and evaluate processes of 
particle aggregation (Fig 3.15). As with coarse fall facies, a major decrease in fines (in 
C\I 
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Fig 3.13 
Inman (A) and F value (8) plots for ash aggregate facies beds. Dotted flow and fall fields of Walker (1983). 
F1 = wt. % finer than 1 mm, F2 = wt. % finer than 63 flm. Askja later 'C' field from Sparks et al. (1981), 
Oruanui fields from Self (1983). 
Chapter 3 
A 
Ha-8 
25 
20 
-s:: 
CJ) 15 
U 
... 
CJ) 
a.. 
-.s:: 
C') 10 
CJ) 
3: 
5 
0 
B 25 Ha-D 
20 
-s:: 
CJ) 15 
U 
... 
CJ) 
a.. 
-.s:: C') 10 
CJ) 
3: 
5 
-5 
-5 
Hatepe Ash Eruptive Mechanisms and Depositional Process 72 
Ash Aggregate Facies 
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Fig 3_14 
Particle size distributions for corrrelative ash aggregate facies beds from subunit Ha-S (A), and Ha-O (8) 
showing changes in clast populations with distance from source. Inset in (A) shows particle size distributions 
of representaive proximal alil d distal samples from Ha-S recalculated by mass. This indicates that the changes 
in particle size between the proximal and d'ista'i environment suggested by weight percent data is a true 
indication of changes in actual mass of the various clast populations. 
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against distance from vent. Note proximal coarsening trend which probably reflects a high rate of aggregate 
fallout and fines accumulation relatively close to source. Projections beyond 52 km to whole-deposit samples 
of Walker (1981 b). 
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this case sub-2 phi (250 ~m)) between 6 and 12 km from vent records a high rate of ash 
aggregate fallout close to source. Beyond that the fractionation pattern is quite different '~/" 
(t~}that of coarse fall facies (see Fig 3(7)). For all size fractions up to 4 mm (-2 phi) 
changes are slight and gradual suggesting that aggregation is sampling representatively 
from the entire plume assemblage. Changes in the overall grain size of this assemblage 
(signalled previously in size distribution comparisons) are demonstrated by the gradual 
decrease in both sub-250 ~m (2 phi) and sub-63 Jlm (4 phi) contents with the result that 
the proportion of clasts between 1 mm (0 phi) and 250 Jlm increases. Beyond 
approximately 40 km from source fractionation of 1 mm (0 phi) material increases, 
signalling a change to discrete particle fall for this fraction. Interpolation of these data to 
more distal whole unit samples confirm the development of these trends (Fig 3.15). 
These lateral transformations evident in ash aggregate beds are of considerable 
significance and an understanding of these lateral changes is essential for insight into 
transport and deposition from wet plumes. Such changes have never previously been 
documented in the Hatepe ash or in other widespread fine grained deposits of wet 
eruptions which are expected to exhibit little change in grain size laterally over large 
distances (Self and Sparks 1978). 
Clast Mor~lllOlogy and Vesicularity 
Ash particles from representative samples of ash aggregate facies from subunits Ha-B 
and Ha-D were examined using SEM (Figs 3.16 and 3.17). Only minor differences in 
clast morphology and vesicularity between clasts of this facies and coarse fall beds are 
discernible. Ash particles are mostly vesicular, and both tube and spherical vesicle 
shapes are represented (Figs 3.16 and 3.17). Dense particles are subordinate, but smooth 
and platy fragments appear more prominent than in coarse fall samples. Lunate or y-
shaped chips, and splinters exhibiting triangular cross-sections represent fragments of 
thick bubble walls. Most clasts have sharp edges and show little rounding or alteration 
to surfaces. However, one prominent particle in Figure 3.16 appears well rounded and 
this significant edge modification may be indicate recycling of clasts through the vent 
(Houghton and Smith 1993). 
Ash particle morphology and vesicularity(~s':eonsistent with fragmentation driven 
predominantly by rapid vesiculation with involvement of water in enhanced post-
fragmentation quenching (Heiken and Wohletz 1985), 
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Ash Aggregate Facies 
A Ha-8 SEM Ilmages 
B 
Fig 3.16 
SEM images of grains from the 63 pm fraction of sample Ha 16/11 from subunit Ha-8, showing morphology 
and vesicularity of ash aggregate facies particles. A - overview of sample 16/11, B - higher magnification 
of inset in A. 
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SEM images of grains from the sieved 63 11m fraclion of sample 1,6102, subunit Ha-D. Shows particle 
morphology and density for particles from ash aggregate facies. A- sample overview, 8- higher magnification 
view of area shown by white box in A. Note abundance of vesicular clasts (mosUy of tube vesicle type) and 
bubble wall fragments. 
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3.2.3 Ash and Lapilli Mixed Fall 
Character and Distribu'lion 
Poorly sorted ash and fine lapilli beds are an important component of the Hatepe ash, 
comprising a substantial portion of medial Ha-A, Ha-B, and Ha-D. These beds are 
massive and occur as thick, discrete beds in the proximal and inner-medial areas as well 
as thinner intervals in close association with ash aggregate facies and coarse fall beds 
(Fig 3.18). Mixed fall facies beds usually lack any evidence for remnant accretionary 
lapil1i and mud lumps but do pass laterally (over a few kilometres) and vertically (over 
centimetres) into beds of the ash aggregate facies. 
Granulometry 
Ash and lapilli mixed facies samples have size and sorting characteristics intermediate 
between(that of coarse fall and ash aggregate facies (Fig 3.19). Most mixed fall facies 
samples plot in Walker's/ :pyroclastic flow fields (both Inman and F value defined) but 
this facies is widespread and clearly the product of fall. Particle size distributions 
characteristic of this facies range from steep unimodal and relatively fine-grained 
populations in near-source sections, to broad polymodal populations in medial sections. 
The most distal correlatives exhibit the development of minor coarse modes around 0.5 
to 1. phi (700-500 /-lm) (Fig 3.20). This grain size-distance pattern is similar to that 
evident in the ash aggregate facies and is likely to be the consequence of efficient 
partic le aggregation. Examination of changes in selected fractions confirm this 
interpretation (Fig 3.21). The rapid fines loss between 6 and 1.2 km from source seen in 
the other facies is clearly portrayed, and the gradual change in all fractions indicates the 
importance of particle aggregation for the entire plume clast assemblage. 
Clast Morphology and Vesicularity 
Density measurements were made on juvenile lapilli clasts from this facies and no 
significant differences with results from coarse fall facies were found. Lapilli size 
material is predominantly highly vesicular with mean vesicularities around 75%, and a 
range between 55 and 90% vesicles. Ash particles were examined by SEM (Fig 3.22). 
Clasts are predominantly angular and vesicular and particle shape is controlled largely 
by bubble shape. Fragments of thick bubble walls are present in the ash fraction. 
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A 
B 
Fig 3.18 
Characteristic field appearance of Ash and lLapilli Mixed Fall Facies within (A) subunit Ha-A, locality 14, and 
(8) close up of intefvals within subunit Ha-O, locality 33 (grid references In Appendix 1). Coin measures 
28 mm across, and spade is approximately 1 m long. 
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Fig 3.19 
I nman (A) and F value (8) plots for mixed fall facies beds. Dotted flow and fall fields of Walker (1983). F1 
= wt. % finer than 1 mm, F2 = wt. % finer than 63 Jlm. 
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Ash and Lapilli Mixed Fall Facies 
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Fig 3,20 
Particle size distributions for correlative mixed fall facies beds from subunit Ha-A (A), and Ha-B (8) showing 
changes in clast populations with distance from source. 
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Ash and Lallilli Mixed Fall Facies 
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Ash and Lapilli Mixed Fall Facies 
A 
B 
Fig 3.22 
SEM images of grains from the 63 ~lm fraction of sample 16/18 from subunit Ha-A. Shows character of fine 
particles of Ash and Lapilli Mixed Fall facies. A- Overview, 8- close-up of area shown by inset. Note shards in 
centre of image B with cuspate form representing the triple-point j,unction of closely-packed gas bubbles. 
Chapter 3 Hatepe Ash - Eruptive Mechanisms and Depositional Processes 83 
Lapilli clast and ash particle morphology and vesicularity are consistent with 
fragmentation driven predominantly by rapid vesiculation with perhaps involvement of 
water in rapid quenching (Heiken and Wohletz ] 985). 
3.2.4 Laterally-Emplaced Facies 
The proximal stratigraphy oflocalities 4 and 174 is dominated by two facies not seen in 
medial localities, which are interpreted as the products of lateral transportation and 
emplacement by pyroclastic density current (Fig 3.23). Proximal sections in the south 
and east of the proximal area are relatively lapilli poor and laterally emplaced beds are 
poorly represented relative to ash aggregate fall. 
Character and Distribution 
Lapilli-Bearing Beds 
The thickest and most proximal sections (localities 4 and 174) are dominated by poorly 
sorted beds with wavy trains of rounded pumice lapilli (Fig 3.23a). These lapilli are 
typically 10-20 mm in diameter and clast trains are irregular and discontinuous and 
define cm-scale low angle cross stratification. These beds are ash-rich but no intact 
accretionary lapilli or other aggregates are observed except in thin, intercalated, laterally 
continuous beds of uniform thickness. Lateral emplacement is implied by the 
discontinuous nature of beds and the rounded morphology of pumice lapilli. 
Lapi Iii-Poor 
LateralIt}mplaced beds are also evident as minor cryptic intervals in the most southern 
proximal beds. These beds consist of relatively well sorted pumiceous fine ash with a 
broad and diffuse central band of fresh obsidian coarse ash fragments. These fragments 
are clearly dense juvenile material and few wall rock clasts accompany them. Most 
remarkable is the unusual geometry of the facies, with individual beds thinning 
dramatically over cm-relief or forming flat-topped ponds against small highs (Fig 
3.23b). The exact mechanism of emplacement of these beds is uncertain. The apparent 
locally ponded nature might indicate the influence of surface water. However, all 
occurrences are well above the inferred syn-eruptive lake level and no other beds within 
the same sections show any signs of fluvial or lacustrine reworking. This bed must be 
considered primary, and deposition has clearly involved a lateral component. 
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B 
Fig 3.23 
Outcrop appearance of (A) cross-stratified, laterally-emplaced beds typical of the most proximal Hatepe 
ash sections (note low angle truncations defined by lap illi trains) , and (8) cryptic lapilli-poor interval 
(marked) in southern proximal section, interpreted as product of I'ateral-emplacement. 
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Granulometry 
The lapilli-rich beds are poorly sorted and plot beyond the outer limit of Walker's 
median diameter versus sorting defined surge field (Fig 3.24). The Japilli-poor beds plot 
within or close to the fine end of both the Inman and F value defined surge fields, and 
overlap with the field of ash aggregate facies beds from this study. Taken in isolation, 
grain size characteristics are not sufficient to distinguish whether these beds are the 
product of fall or lateral emplacement. 
Lapilli-rich particle size distributions are characteristically bimodal, with a wide range 
in coarse modes between -2 to 1 phi (4 mm-500 )lm), and fines modes consistent at 5 
phi (32 )lm) (Fig 3.25). LapHli~oor particle size distributions are mostly unimodal with 
\_.I 
broad peaks around 3 to 4 phi which distinguishes them from finer grained ash 
aggregate fall beds. 
Clast Morphology and Vesicularity 
Pumice lapilli in this facies are clearly rounded and record the importance of clast 
interaction in the transport and emplacement process. The densities of juvenile pumice 
lapilli in this facies are not notably different from measurements made on juvenile clasts 
from other facies or subunits. SEM reveals ash-sized particles from this facies are 
dominantly unaltered, juvenile and vesicular. 
3.2.5 Distal Ash 
As described in chapter 2, distal Hatepe ash (beyond approximately 50 to 60 km from 
vent) is dominated by two bed types or facies; fines-poor, coarse-medium ash fall, and 
medium - fine ash fall. 
The first facies represents the distal equivalent of Ha-C coarse fall facies beds (see Fig 
3.6) and particle size distributions are dominated by steep coarse modes (around 0 to 1 
phi (1 mm- 500 )lID), 52 km from vent) and subordinate fines modes «<5 wt. %) around 
5.5 to 6 phi (22-15 ~m). The coarsest mode becomes progressively finer with distance 
from vent. The grain size of these distal Ha-C beds is comparable to that of Hatepe 
plinian samples at similar distances from vent. 
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Fig 3.25 
Particle size distributions comparing the grain size characteristics of lapilli-rich and lapilli-poor laterally-
emplaced facies beds. 
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The second, finer grained facies dominates distal Hatepe ash and represents mostly 
distal Ha-B and Ha-D, and, therefore, the lateral equivalent of both ash aggregate fall 
and mixed fall facies. Particle size distributions are very differenVtOJhe coarser distal 
~,- .. / 
beds (see Figs 3.14 and 3.20). They are typically polymodal or weakly bimodal with 
peaks ranging between 1 and 3 phi (500-125 !-lm) (Fig 3.14). Interestingly, samples of 
this distal facies show consistently coarser median grain sizes than their proximal ash 
aggregate facies correlatives (Fig 3.13). 
3.3 SECONDARY PRODUCTS 
3.3.1 General Nature and Extent 
Although secondary processes are an important aspect of the Hatepe ash eruptive style, 
the products of reworking in the Hatepe ash are much less P~~!y~ than the products 
of reworking evident in the Rotongaio ash. Examples of large-scale syn-eruptive mass 
flow have not been found as intercalations in the Hatepe ash primary stratigraphy, but 
there is evidence for a number of syn-eruptive erosional events showing that, at an 
outcrop scale, a close association existed between ptimary deposition and fluvial and 
sheet wash processes. Reworking of the Hatepe ash at the syn-eruptive Lake Taupo 
margin is described here and discussed further in relation to the Rotongaio ash in 
chapter 5. The products of debris flows have not been found interbedded with the 
primary Hatepe stratigraphy. However, significant amounts of water were erupted along 
with ash during Hatepe volcanism, and large-scale remobilisation of Hatepe ash must 
have been important down all eastern tributaries leading back to Lake Taupo, and in 
eastern and northern watersheds disturbed by pyroclastic deposition. Deposits of these 
processes in river valleys are very likely thickly covered by ponded Taupo ignimbtite 
and associated remobilised material. The secondary products and processes to be 
discussed are; 1) lake margin reworking 2) gullying, and 3) fluvial reworking. 
3.3.2 Lake Margin Reworking 
At a number of localities near the existing Taupo caldera lake edge deposits of the 
Taupo eruption sequence include wave and fluvially reworked pumiceous interbeds. 
These fan into three distinct deposit types; 1) fines-free pumice beds, 2) fines-bearing 
pumice beds, and 3) cross-bedded pumiceous ash. 
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Fines-Free Coarse Pumice Beds 
These coarse, fines-free pumice lapilli beds resemble proximal plinian deposits (Fig 
3.26) but close examination shows a complete absence of wall rock lithics or dense 
juvenile clasts. The pumice is slightly rounded, but there is no apparent size grading 
through the beds. 
Fines-Bearing Coarse Pumice Beds 
This facies is similar to the facies above, having no lithics or dense clasts. However, in 
contrast the pumice lapilli are floating in a matrix consisting dominantly of dark grey 
very fine ash which resembles dense Rotongaio ash. This bed type occurs as separate 
beds and locally as the base to fines-free beds. 
Cross-Bedded, Poorly-Sorted Beds 
These beds are characterised by poorly-sorted pumiceous ash and lapilli with low angle 
truncations and cross bedding. Basal and internal contacts are locally scoured and 
erosive. 
Lake Margin Association 
At one locality (loc. 65) there is a striking intercalation of lithic-free pumice lapilli beds 
with grey primary Rotongaio ash and cross-bedded pumiceous ash (Fig 3.27). The three 
bed types form an intimate association and are interpreted as the products of coeval 
reworking of lake-borne Phase 2 pumice and Phase 3 ash, and primary deposition of 
Rotongaio ash (Phase 4) at the lake margin (Smith and Houghton 1995b). 
The cross-stratified pumiceous ash beds are interpreted as the products of wave 
reworking with evidence for repeated scour and redeposition. The fines-free pumice 
beds represent rafts of phase 2 and 3 pumice floating on the syn-eruptive lake surface 
that were periodically washed ashore by seiches. In this way the lithics that 
accompanied the primary fall of this pumice in phases 2 and 3 were segregated. The 
absence of any hydraulically-equivalent clay grade material and limited size grading 
within the pumice argues against a simple settling origin in standing water. The fines-
bearing coarse pumice beds require more explanation. The matrix of these beds consists 
almost entirely of Rotongaio-derived material (see chapter 5) and the pumice clasts 
show no size grading. The preferred interpretation is accumulation of Phase 4 
(Rotongaio) ash on the pumice carpet immediately prior to some seiches. 
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Field photograph (A), corresponding stratigraphy (B), and median diameter versus sorting (e) for locality 65 lake margin beds. FIW = fluvial or wave reworked material, 
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Fig. 3.27 
Sequence of 1.8 ka eruption lake margin deposits exposed at locality 65 (A), showing multiple 
intervals of lake-borne rafted pumice, wave-reworked deposits and primary fall ash, of phase 
4, capped by the Taupo ignimbrite. B- close up of cross-bedded, dominatly pumiceous, wave-
reworked Hatepe material. C- close up of lithic- and fines-free rafted pumice interval. FIWR 
= fluvial or wave !eworked material, IG = primary Taupo or intra-plinian ignimbrite, RN = mostly 
primary Rotongalo ash, LBP = la'ke-borne rafted pumice, WR cross bedded reworked material. co --" 
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The setting for these deposits was the very edge of the syn-eruptive Lake Taupo. It is 
envisaged that the sequence formed through an alternation of; 
1. seiches bearing water-logged pumice, 
2. wave reworking at the lake margin, and 
3. rain-out of primary ash. 
The whole sequence shoaled and became subaerial at which point the involvement of 
lake-borne rafted pumice ceased. Other localities (196, 179) do not show such a 
complex sequence of lake margin beds as locality 65 but do have rafted pumice trains 
interbedded within primary Rotongaio a~h. These lake margin localities have important 
implications for paleohydrology during the Hatepe and Rotongaio phases of the Taupo 
eruption as they help constrain the syn-eruptive geometry of Lake Taupo. 
3.3.3 Gullying Intervals 
At least 2 main gUllying events are identifiable within the Hatepe stratigraphy, and the 
close of the Hatepe phase of the Taupo eruption is marked by pronounced local erosion. 
Intra-Hatepe Gullying 
Gullying within the Hatepe ash is not conspicuous and reworked products are rarely 
found infilling the erosional gullies. Intra-Hatepe gullying is demonstrated by two 
intervals within Ha-B, at or just below the main lapilli partings. These intervals occur at 
consistent stratigraphic levels but are recognisable only at a few medial localities thus 
implying that gUllying was due to a rain shower of limited extent. The gullies are 
typically infilled with primary ash identical to surrounding beds, making the gully 
geometry often difficult to ascertain (Fig 3.28). 
Gullying At The Close Of Hatepe Volcanism 
The close of Hatepe volcanism was marked by an intense erosion event (Fig 3.29). The 
nature of the Hatepe-Rotongaio contact has previously been described in general 
(section 2.4.3), but specific aspects of this erosion are discussed in more detail here. The 
form and extent of gullying at the Hatepe-Rotongaio contact has previously been used 
as supporting evidence for vent location and to infer the nature of the gUllying 
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mechanism. Walker (1981b, his Fig 6) crudely mapped the average gully depth and 
identified an area east of Horomatangi Reefs where gullies are closely-spaced and 
deeply incised. From the apparent correlation between gully depth and proximity to his 
source vent,(~~)proposed a vent-derived waterspout phenomenon as the mechanism for 
this gully development. 
Mapping of Ha-D in this study, however, has revealed that the pattern of erosion at the 
Hatepe-Rotongaio contact is more complex than suggested by Walker's gully depth 
patterns. While gully development is very extensive and spectacular in the area 
described by Walker, further to the southwest gullies are less well developed but the 
Hatepe-Rotongaio contact in this area is typically eroded well into subunit Ha-B of the 
Hatepe ash (see Fig 2.23). Contrary to Walker's model it is this area further to the 
southwest, where subunits Ha-B, Ha-C, and Ha-D are often completely removed but 
gully form is less spectacular, in which the most intense sheet erosion has taken place. 
What, then of the mechanism and source of water for the spectacular fluvial erosion? 
Erosion is greatest to the south, but it has been determined from the new subunits 
isopachs that the source vent must also have been further south than Horomatangi Reefs 
(section 2.4.3). Clearly a relationship existed between erosion and distance from vent, 
as originally interpreted by Walker (1981b). However, in contrast to Walker, the area of 
deep gully development is interpreted not as the touchdown point for a waterspout, but 
as the more distal expression of the intense sheet erosion that was taking place further to 
the southwest and closer to the lake. The progressive change in the nature of the 
HatepelRotongaio contact across the dispersal area can be interpreted in terms of the 
changing nature and intensity of the agent of erosion as a function of distance from 
source, and this argues against a waterspout mechanism. Instead, erosion is interpreted 
as the result of intense but localised rain from a vapour-rich plume generated at the 
flooded Hatepe vent by magmatic heat 
It is envisaged that this relatively ash-poor and vapour-rich plume rose to low 
tropospheric levels above the vent, drifted eastward and behaved as a volcanogenic 
thunderstorm. Vigorous cumulonimbus type convection in the plume generated the most 
intense rain closest to the vent, with the large volume and high intensity of falling water 
resulting in sheet erosion and gully coalescence. Further from the vent, as the intensity 
of convective rainfall decreased, runoff became channelled and established deep gullies 
within the wet and easily erodable Hatepe ash. As the vapour plume was carried further 
eastward away from the vent, and convection in the plume became progressively less 
vigorous, rainfall was less intense and gully development was limited in depth and 
extent. 
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Fig 3.28 
Photo showing subtlety of 
syn-eruptive gui llies within 
Hatepe ash subunit Ha-D, 
locality 197. 
Fig 3.29 
Gullying at the close of Hatepe volcanism. 
A- deeply incised gully form typical of medial 
sections between 15 and 25 km ENE of the 
Hatepe vent. Spade (1 m) for scale. 8-
widely-spaced, shallow gully form typical of 
outer-medial and distal sections, 40-60 km 
east of source. Coin (circled) measures 28 
mm. 
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The vent parameters and dynamics of this mechanism have not been modelled. 
However, the absence of any substantial change in componentry towards the top of Ha-
D and coincidence with the closing of Hatepe volcanism suggest that influx of water to 
the vent was probably due to a dramatic decrease in magma flux rather than vent 
collapse. 
3.3.4 Fluvial Reworking 
The products of fluvial reworking are rare in most proximal and inner-medial localities 
but are more common in sections further from the vent. Two styles of reworking are 
identified in the Hatepe ash: channelled and microfluviaL 
Channelled Reworking 
Channelled fluvial reworking is characterised by lenses of well sorted, dense, coarse ash 
clasts (Fig 3.30) formed through the action of flowing surface water. These lenses and 
infills are fines- and pumice-depleted and enriched in coarse and dense clasts. 
Compared to the Rotongaio ash, reworking channels within the Hatepe ash are not 
usually well defined. In many reworked successions fines-rich beds are intercalated 
with well sorted fluvial intervals. These beds are usually laminated and exhibit graded 
bedding, and these are probably secondary products due to local ponding of surface 
water or very weak fluvial flow (Fig 3.30b). In some cases each fluvial bed in a 
succession is overlain by laminated fines suggesting a series of small waxing and 
waning fluvial episodes. 
Reworking of the Hatepe ash took place in association with three main erOSIOn 
episodes: 
1. intra Ha-B gullying, 
2. intense fluvial erosion throughout the inner-medial environment at the close of 
Hatepe ash volcanism, and 
3. in outer-medial and distal areas, associated with fluvial erosion and 
resedimentation during subsequent phases of the Taupo eruption. 
Fig 3.30 
Fluvial reworking. of the Hatepe ash A and 8- examples of fluvial channels within Hatepe ash . C- Stacked succession of fluvial 
channels with lateral tracers into primary fall beds of Ha-B. Coin measures 28 mm. 
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Intra-Hatepe Channelled Reworking 
It is rare to find the products of reworking within well developed intra Ha-B gullies in 
sections close to the vent, but outer-medial and distal localities do exhibit reworking 
associated with intra-Ha-B gullying episodes. It is not always easy, however, to 
distinguish the products of intra-Hatepe reworking from the products of post-Hatepe 
reworking. This is largely due to the poorly defined nature of most channels and 
because of the preferential development of subsequent gullies above pre-existing 
gullies. Where the reworked beds taper laterally into the primary stratigraphy (Fig 
3.30c) then such beds are clearly the result of a syn-eruptive intra-Hatepe event. 
Close Of Hatepe Ash Volcanism 
Most reworking of the Hatepe ash is associated with gullying at the close of Hatepe 
volcanism, and can be identified by the occurrence of reworked beds within the Hatepe 
ash right up to the Hatepe-Rotongaio contact (Fig 3.31 a) and often the reworked 
sequence continues up into the overlying Rotongaio ash. It is apparent that the flow of 
water in some outer-medial and distal channels was nearly continuous and sustained 
locally from eruption of Ha-B, through the close of phase 3 and well into phase 4 
volcanism (Fig 3.31b). 
Microtluvial Reworking 
The second style of fluvial reworking in the Hatepe ash is less obvious and is manifest 
as small wisps and discontinuous dense-clast accumulations within the otherwise 
primary ash stratigraphy (Fig 3.32a). Such incipient microfluvial structures are 
intimately associated with accumulation of primary fall ash and can be explained by the 
episodic and localised fallout of pyroclast assemblages with very high water/particle 
ratios, i.e. mud rain. The effect of this excess water is very localised and quite different 
rfo·'the effects of regional-scale erosion and reworking episodes. There are no rigorously 
quantified patterns to the spatial or temporal nature of microfluvial processes other than 
that such features are more common in outer-medial and distal sections. It is clear that 
the microfluvial structures are a function of the primary state of ash on deposition and, 
as such, the heterogeneous distribution (spatially and temporally) of these features 
indicate that conditions within eruption plumes were at some scale heterogeneous also. 
/\ 
Reworking involved a spectrum of fluvial processes, as evidenced by thin, laterally 
extensive microfluvial partings which locally pass gradationally into channelled areas of 
reworking (Fig 3.32b). These situations may represent areas where mud rain fallout was 
Fig 3.31 
Fluvial reworking of the Hatepe ash A- close up of reworking 
of the top of Hatepe ash. B- long-lived fluvial channel 
developed at the close of Hatepe volcanism demonstrating 
several reworking episodes and mixing of Hatepe and 
Rotongaio sourced material. Coin measures 28 mm. 
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locally quite intense and there was limited surface water flow or, alternatively, these 
areas may represent where discrete and very short bursts of pure rainfall (perhaps 
external) accompanied ash fal1. 
Walker (1981b) described microbedding in the Hatepe ash consisting of down-bowed 
laminae extending several centimetres laterally, which he attributed to splashing of 
raindrops. In this field study these structures were observed and found to be best 
expressed in weathered outcrops (lamina:e evident in mm-relief), and were identified 
only in relatively fines-poor outer-medial and distal localities, never fines-rich proximal 
sections. The lateral extent of some of these laminae and the absence of incipient water 
washed lenses accompanying these structures argues against a water droplet impact 
origin. A preferred interpretation for the formation of these laminae is by collapse and 
irregular compaction of outer-medial and distal ash damp and wet aggregates, which 
were poorer in fines than aggregates depositing in the proximal environment. 
3.3.5 Other Secondary Features 
Gullying and fluvial reworking are the main modifiers of primary Hatepe ash and, 
compared to the Rotongaio ash, other secondary features are less obvious. This is 
because, in contrast to the Rotongaio ash, the Hatepe ash accumulated predominantly on 
relatively flat depositional surfaces 
/ 
Soft-Sediment Deformation 
Soft-sediment deformation is evident, however, in the modification of the Hatepe-
Rotongaio contact. In many cases the gullied Hatepe-Rotongaio contact consists of 
delicate overhangs in the Hatepe ash, and fingers of ash that penetrate several 
centimetres into the base of the Rotongaio ash (Fig 3.33). Clearly this morphology is a 
result of post-depositional loading of wet, plastic ash, and cannot be the original gully 
form. Interestingly, the internal planar bedding of the Hatepe ash within these delicate 
flame structures is always intact (Fig 3.33b). This locally spectacular deformation must 
have taken place by loading from the overlying wet Rotongaio ash and Taupo 
ignimbrite, and assisted perhaps by ground vibration during the violent emplacement of 
the ignimbrite. Plastic limit tests performed on Hatepe ash samples suggest water 
contents of around 20-25 wt. % would have been sufficient to induce plastic behaviour 
of the deposit. Assuming a deposit density of 1200 kg/m] for the ash-rich subunits, this 
would give a volume of approximately 0.5 km3 of lake water ejected as part of the 
plume assemblage during eruption of Ha-A, Ha-B and Ha-D. 
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Fig 3.32 
A- cl'ose up of microfluvial 
dense clast enriched lenses 
within Hatepe ash. Coin 
measures 28 mm. B- photo 
showing micro fluvial lenses 
transitional into incipient 
channel structures 
demonstrating that 
microfluv·ial reworking was 
part of a continuum wilh 
primary depositional 
processes . Coin measures 
24 mm. 
Fig 3.33 
Overview (A) and closeup (8) of 
flame-like nature of the Hatepe-
Rotongaio contact developed due 
to shaking-induced soft-sediment 
deformation of the wet, plastic 
deposits. 
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Influence Of Vegetation 
A variety of other interesting secondary structures are common in many outer-medial 
and distal Hatepe ash localities, which all record the important and diverse influence of 
vegetation on the behaviour of accumulating ash. The influence of vegetation can be 
recorded directly by the presence of tree moulds (Fig 3.34a) formed through 
accumulation of cool wet ash about fallen trees and branches which subsequently decay. 
Branches and logs also act as conduits for rain water (Segerstrom 1950), and gullying 
has locally been initiated by the concentrated flow of water down the sides of partially-
buried trees. An interesting stratigraphic consequence of this tunnel erosion is the 
occurrence of reworked lenses of later erupted Rotongaio material floating within the 
earlier erupted primary Hatepe stratigraphy (Figs 3.34b, c). 
The opposite stratigraphic situation, earlier erupted Hatepe ash within later erupted 
primary Rotongaio ash (Fig 3.34d), can also be readily explained as a result of the 
diverse effects of trees and branches on ash fallout. At a number of outer-medial and 
distal localities numerous small lenses and pods of creamy pumiceous ash are found 
interbedded with the dark grey Rotongaio ash, often at specific partings (Fig 3.34d). 
These lenses within the Rotongaio ash (unit 4) are interpreted to be derived from ash 
accumulated on branches during Hatepe ash volcanism (phase 3) and subsequently 
shaken or washed off during phase 4 and incorporated into unit 4. Walker (1981 b) has 
previously described the phenomenon of coatings of cohesive ash from units 3 and 4 on 
the upper surface of branch moulds buried within the Taupo sequence. Ground motion 
at localities with these structures may have been sufficiently strong, or rainfall and wind 
action during phase 4 such that phase 3 ash had only a transient residence time on 
branches before being shaken, blown or washed off. The absence of gullying within the 
Rotongaio ash at most of these occurrences argues in favour of ground shaking or wind 
action as the predominant mechanisms. 
3.4 FACIES ASSOCIATIONS 
Examination of primary and secondary lithofacies of the proximal environment and the 
medial to distal subunit stratigraphy enables a broad depositional facies model to be 
constructed for Hatepe ash volcanism. Four facies associations have been determined 
which summarise the characteristic primary and secondary processes in the main 
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Fig 3.34 
Photographs of tree moulds and associated features evident within Hatepe ash. (A) Cohesive Hatepe ash 
draping a branch mould close to the Hatepe/Rotongaio contact. (8 and C) Tunnel erosion caused by the flow 
of rain water down tree branches, and disturbance to internal stratigraphy (C) due to infuence of logs and 
branches within the Taupo sequence. (0) Photograph of locality 85 showing lenses and pods of pumiceous 
Hatepe ash within the dark grey Rotongaio ash. Note the abundance and location of tree moulds within the 
underlying Hatepe ash and pumice units. Coin = 28 mm. 
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depositional environments and depict spatial and temporal evolution of primary and 
secondary deposition processes (Fig 3.35). 
Lake Margin Association 
Alternations of subaerial primary ash aggregate and lapilli fall, subaqueous primary fall, 
secondary wave and fluvial reworked pumiceous deposits, and secondary lake-rafted 
pumice lapilli intervals are a characteristic facies association interpreted as the product 
of deposition at the caldera lake margin. This facies association is important as it 
provides evidence of the approximate position of the caldera lake margin during various 
phases of the Taupo eruption, and allows a partial reconstruction of the syn-eruptive 
lake outline and estimation of the lake volume. 
Proximal Association 
Deposition in the proximal environment during Hatepe ash volcanism was dominated 
by vent-derived, wet, density currents and primary ash aggregate fallout. Evidence for 
secondary processes in the proximal environment is limited to slope-modification of 
primary fall and density current deposits on the steep cliffs along the eastern edge of the 
lake. 
Medial Association 
Deposition in the medial environment is characterised by a mix of a variety of primary 
fall facies and secondary fluvial erosion and reworking facies. Secondary facies are 
more prominent than in the proximal environment but are still of minor importance 
relative to primary depositional facies. The medial primary fall facies association is 
dominated by ash aggregate fall facies and ash and lapilli mixed discrete and aggregate 
fall with a relatively minor role played by purely discrete particle lapilli fall facies. 
Distal Association 
Distally the association of primary and secondary facies changes markedly. Locally, 
secondary facies such as wide fluvial channels dominate the stratigraphy and the variety 
of secondary facies is greater than in either the proximal or medial associations. The 
increasing diversity of secondary facies is accompanied by a decreasing variety of 
primary fall facies (Fig 3.35). From the seven main fall lithofacies characteristic of the 
proximal and medial environment, two main facies dominate the distal environment and 
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demonstrates that significant changes occurred to transport and deposition processes 
spatially. 
3.5 INTERPRETATION AND DISCUSSION 
The most useful physical properties for characterising pyroclastic deposits and 
interpreting eruptive and depositional processes are dispersal patterns, bedforms, 
juvenile clast morphology and vesicularity, the nature and abundance of waH rock 
lithics, and grain size parameters,. 
Dispersal properties are important for classifying fall deposits and for inferring aspects 
of eruption dynamics. Bedforms are important for interpreting depositional processes 
and can contribute to an understanding of eruptive sty Ie; for example distinguishing 
between fall and lateral emplacement modes, and whether an eruption was uniform and 
sustained or the result of multiple, closely-spaced explosions. Juvenile clast morphology 
and vesicularity data provid~s .essential information on the role of magmatic volatiles 
during fragmentation, and the nature and abundance of wall rock lithics can be used to 
determine the depth of fragmentation. Grain size has been used to infer eruptive style, 
especiaJly the assessment of the importance of steam explosivity. However, grain size 
properties can be difficult to interpret because pyroclastic deposits inherit grain size 
characteristics during primary fragmentation, from fragmentation during transport, as 
well as through dispersal and depositional processes within the plume and at the site of 
deposition. 
The purpose of this section is three-fold: 
1. to assess the extent to which deposit characteristics are established, a) in the vent 
during magma fragmentation, b) in the plume during transport and primary 
deposition, and c) at the site of accumulation due to local conditions, 
2. to compare Hatepe lithofacies characteristics in time and space and determine how 
uniform vent, plume and local conditions were, and 
3. to compare eruptive mechanisms and depositional processes of the phreatoplinian 
Hatepe ash with those of plinian phases of the same eruption. 
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3.5.1 Vent Processes .. Fragmentation 
General Mechanisms and Eruptive Styles 
An extensive body of research on the products of explosive eruptions over the last two 
decades has recognised two distinctive eruptive styles corresponding to two 
fundamentally different mechanisms of magma fragmentation and pyroclast dispersal. 
The first style, 'dry' or magmatic volcanism, is generated by disruption of magma 
through rapid decompression, and expansion of volatiles originally dissolved in the 
magma (Sparks 1978). Such eruptions produce fall deposits that are well-sorted and 
dominated by highly vesicular juvenile clasts (Walker 1981c; Houghton and Wilson 
1989). Detailed clast population studies suggest around 70-80% vesicles represent 
critical gas fraction values for controlling the timing of vesicle disruption and initiation 
of magma fragmentation (Sparks 1978; Houghton and Wilson 1989): More recent work 
suggests that this is an overly simplified model and that bubble coalescence can lead to 
development of permeability and heterogeneous gas loss such that on disruption 
juvenile clasts can be generated with quite a wide range of vesiculartities (Klug and 
Cashman 1996; Mader et al. 1996). 
The second fundamental eruptive style, 'wet' or phreatomagmatic volcanism, is driven 
exclusively by steam explosivity through the rapid volatilisation and violent expansion 
of external water on contact and interaction with magma. Fall deposits from this style of 
activity are often poorly sorted and the nature of juvenile clasts tends to be highly 
variable as this is largely dependant on the timing of interaction relative to the 
degassing history of the magma. 
Most eruptions are probably not true end-member styles but fall at some point along the 
spectrum defined by the relative degree of magma-water interaction. However, 
determining the relative role played by internal and external volatiles remains rather 
qualitative. Clast density and vesicularity analysis has emerged as a powerful tool for 
interpreting the vesiculation history of magma and gauging mechanisms of 
fragmentation, especially in cases where other deposit properties are equivocal. 
Houghton and Wilson (1989) established clear correlations between eruptive 
mechanism and vesicularity characteristics, and for viscous silicic magmas categorised 
three general vesicularity populations corresponding to three modes of fragmentation: 
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1. clast vesicularity distributions with a single sharp peak at 70-80% vesicles and a 
narrow overall spread for coarse, well-sorted deposits (end-member dry plinian 
deposits), which corresponds to fragmentation by magmatic volatiles alone. 
2. broad vesicularity modes between 15% and 60% vesicles and significant amounts 
of non-vesicular material, in very fine grained, poorly sorted deposits and 
interpreted as typical of end-member wet eruptions driven largely by volatiles 
derived from interaction of magma with external water. 
3. similar to the first but with slightly broader vesicularity peaks between 65% and 
75% vesicles and a wider overall range in clast vesicularity, and this pattern is 
interpreted as characteristic for fragmentation of gas-rich, rapidly vesiculating 
magma interacting with external water close to the peak of degassing (Houghton 
and Wilson 1989). 
Hatepe Ash Vent Processes 
Juvenile lapilli clast populations from all stratigraphic levels in the Hatepe ash reveal a 
slightly wider range of vesicularities (45-90%) but a very similar overall mean (70-
75%) compared with the range and mean (65-90% and 75-80%, respectively) of typical 
plinian popUlations. This was first recognised by Walker (1981 b) and confirmed by the 
detailed work of Houghton and Wilson (1989) as well as the additional measurements 
of this study. This data and subsequent determinations of high magmatic volatile 
contents (>2 wt.% H20) in quenched Hatepe ash juvenile clasts (Dunbar and Kyle 1992) 
are convincing evidence for interaction at depth (perhaps up to 1.5 km) between 
external water and rapidly vesiculating magma at or close to the peak of degassing. A 
striking feature of the Hatepe ash is the limited variation with time in both juvenile clast 
vesicularity and wall rock lithic type and abundance. The uniformity of these properties 
attest to the homogenous nature of the Hatepe magma and suggests that fundamentally 
the inferred mechanism of fragmentation was consistent throughout phase 3 volcanism. 
Lapilli and ash particle morphology and vesicularity from both the coarse fall and ash 
aggregate facies are consistent with fragmentation driven predominantly by rapid 
vesiculation with involvement by water, perhaps, in quenching and inhibition of post-
fragmentation expansion of clasts as they moved up through the conduit (Kaminski and 
J aupart 1997). This raises the question as to the controls on the contrasting nature of the 
proximal coarse, fines-poor fall facies and the ash-rich fall facies. On the basis of grain 
size alone the coarse fall facies would be interpreted as an end-member dry plinian 
deposit. Grain size and sorting of this facieSis v,ery similar to samples of Hatepe plinian 
, ' ''-----~/ 
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pumice at identical distances from source, and yet, as discussed above, vesicularity data 
suggest that water played some small part in vent processes at all stages of Hatepe ash 
volcanism. The ash aggregate facies show abundant evidence for the involvement of 
liquid water and yet juvenile clast vesicularity is very similar to the 'drier' facies. From 
this apparent paradox it seems that any variations in the amount of water involved were 
sufficient to change the sty Ie of deposition but not enough to be recorded in the nature 
. of juvenile clasts. The problem is that, given the Hatepe magma was a uniform foam, 
there are few criteria for distinguishing the mode of fragmentation of the ash-sized 
particles, More detailed juvenile clast vesicle size and distribution studies through the 
Hatepe ash stratigraphy may provide more constraints on the processes of vesiculation 
during Hatepe ash volcanism, and help distinguish whether lapilli and ash populations 
were produced by the same mechanism of fragmentation, 
3.5.2 Plume Processes - Transport and Deposition 
An important outcome of the detailed lithofacies analysis of the Hatepe ash has been the 
identification and characterisation of primary transport and deposition processes that 
operated during Hatepe volcanism. In this section these plume processes are discussed, 
and the extent to which these processes have contributed to the nature of the various 
facies types is evaluated. 
Discrete Particle Fall 
The nature of fall deposits is established not only at the vent during the generation of 
the pyroclast mixture, but also during dispersal and deposition by processes operating in 
the plume. Distinguishing the relative contribution of these influences can be difficult 
because in most cases fundamental aspects of plume conditions and processes are 
inherently linked to the nature of processes operating at vent. 
Proximal deposits of end-member magmatic eruptions are characteristically well sorted 
and exhibit predictable progressive fractionation of grain size with distance from vent 
(Walker 1981c). These properties are a function of dispersal from high, convecting, 
relatively dry plumes in which pyroclasts are transported and deposited as discrete 
particles, and the distance particles travel from vent reflects the initial height of the 
eruption plume, the rate of plume dispersal, and individual particle size, density and 
shape (Walker et al. 1971; Wilson et al. 1978). In this way the largest and densest 
particles are deposited closest to vent, and, given a stable eruption column height, only 
particles of the same terminal fall velocity occur together at anyone point. 
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The grain size properties of the coarse fall facies are consistent with deposition from 
relatively dry plumes in which most of the clast population was transported and 
deposited in the proximal and medial environments as discrete particles. The trajectory 
of individual particles was controlled by the height of buoyant, plinian-style eruption 
plumes (approx. 30 kIn determined for Ha-C) and according to particle size, shape and 
density. 
Grain size of the fines-poor coarse fall beds is very similar to that of the underlying 
Hatepe plinian pumice deposit at similar distances from vent. However, both variants of 
this facies contain a variably developed fines population and evidence for a role in 
transport and deposition by fine particle aggregation. These aspects of deposition for the 
coarse fall facies are discussed in the next section 
Aggregate Fall 
Aggregation of fine particles has long been acknowledged as an important mechanism 
in the deposition of wet ash during phreatomagmatic eruptions or when passing rain 
showers influence otherwise dry eruption plumes (Reimer 1983). The presence of liquid 
or water vapour in an eruption plume (either vent-derived or from an external 
meteorological origin) is commonly invoked with the occurrence of preserved 
accretionary lapilli within pyroclastic deposits (e.g. Fisher and Schmincke 1984). 
However, observations of historic eruptions (of a variety of eruptive styles) have shown 
that most fine ash particles (typically < 100 !lm) fall not as discrete clasts but as part of 
some kind of aggregate of particles (e.g. Ruapehu 1969, Healy et at. 1978; Usu 1977, 
Suzuki et al. 1982; Soufriere 1979, Brazier et a11983; Mount Saint Helens, Rosenbaum 
and Waitt 1981, Sorem 1982; Izu Oshima 1987, Hayakawa and Shirao 1988; 
Sakurajima Tomita et al. 1985, Gilbert et al. 1991). In many of these accounts the 
aggregate structures observed during fallout did not survive impact with the ground. 
Consequently, physical evidence of the aggregation process was not always preserved 
in the accumulating deposit. This is a crucial point as it clearly demonstrates that 
accretionary lapilli are not an exclusive indicator of fine particle aggregation, and the 
absence of preserved aggregate structures in ash-rich deposits does not imply 
aggregation had no role in transport and deposition. 
Understanding the mechanics of particle aggregation and the role that it plays in 
deposition from volcanic plumes is important. Aggregates of ash fall with greater 
velocities than their component particles (Lane et al. 1993) and so the process of ash 
aggregation facilitates the simultaneous deposition of a wide range of grain sizes. The 
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effect is enhanced and relatively rapid removal of fine ash from plumes resulting in 
poorly-sorted and fine-grained deposits even close to the vent. Aggregation can 
influence the pattern of thickness distribution of deposits and has been invoked to 
account for anomalous secondary thickening isopach patterns (e.g. Sarna-Wojcicki et al. 
1981). Grain size distributions of ash aggregate deposits are typically polymodal and 
can show complex changes with distance (e.g. Brazier et ai. 1982; Carey and 
Sigurdsson 1982). 
Aggregate Types 
From these observations and detailed laboratory and field investigations of fine ash 
deposits in this and other recent studies, it evident that a wide range of particle 
aggregate types exists, spanning a spectrum of processes which can be related to the 
moisture content, or liquid/particle ratio, of the depositing pyroclast assemblage. The 
spectrum ranges from weak, highly porous, irregularly-shaped clusters of grains, at the 
dry end, to mud rain at the wet end. Intermediate water/particle ratios result in mud 
lumps and accretionary lapilli of various sizes and structures. 
Dry aggregates are loose clusters of particles typically < 200 ~m in diameter with low 
densities (220-1320 kg m-3) and high porosities (Sparks et al. 1997). Accretionary lapilli 
and mud lumps are spheres of ash of a range of particle sizes, which usually remain 
intact on deposition. There is no consistent use of the term accretionary lapilli in the 
literature. In many cases the term is used in reference to the full range of spherical ash 
aggregate types irrespective of size and internal structure. In this study the term 
accretionary iapilli is used for spherical structures of relatively high density (perhaps 
1200-1600 kg/m~) with diameters typically greater than 5 mm, and usually exhibiting 
some internal structure. These aggregates can be extracted intact from non-lithified 
deposits and are difficult to disaggregate by hand. Mud lump is a term used to refer to 
small (1-5 mm), spherical and sometimes irregularly shaped ash aggregates with a 
massive, homogenous internal structure and densities (1000-1200 kg/m]) intermediate 
between dry particle clusters and true accretionary lapilli. These structures may partially 
deform or completely disaggregate on deposition and it is difficult to extract individual 
structures from deposits intact. Another important product of particle aggregation is ash 
coatings on lapilli-sized clasts. These coatings can range tremendously in thickness. 
Situations where the coating diameters are equal to or greater than clast size are often 
referred to as armoured lapilli. 
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Mechanisms and Controls on Particle Aggregation 
Electrostatic Attraction 
Fist-sized, loosely-bound ash structures have been encountered by aeroplanes traversing 
eruption plumes (Rosenbaum and Waitt 1981), and smaller weak clusters of 
interlocking grains collected during fallout from plinian plumes where they were 
observed falling like snow flakes (Sorem 1982). These aggregates were fragile 
~> 
structures of fine ~<ln~-:-~!~~s!~,<l:~_h . which typically disintegrated on impact and, 
consequently, this type of dry ash aggregate is unlikely to be preserved in the geologic 
record. 
These highly porous dry aggregates originate through the interlocking of irregular 
grains by the electrostatic attraction of charged ash particles as they collide in the plume 
(Sorem 1982, Gilbert and Lane 1994). Fine volcanic ash particles (and other silt and 
clay sized material) have a natural tendency to form aggregates because the high surface 
area relative to mass for very small particles promotes the build-up of electrostatic 
charges on their surfaces (Gilbert et al. 1991). The electrostatic attractive forces are 
significant over very short distances and particles must be brought into contact before 
they can have an effect. Turbulence within the vigorously convecting plume, and the 
differential settling of particles result in a high number of collisions between particles 
increasing the chances of aggregation (Sparks et al. 1997). Experimental work 
(Schumacher 1994) has replicated this process and provided some constraints on 
particle size distributions of deposits involving this form of aggregation. 
Liquid-induced aggregation 
With the presence of liquid and condensing water in an eruption plume, accretion of ash 
into denser clumps or spheres of ash appears to become an important processes of 
particle transport and deposition. Such accretionary lapilli or mud lumps have been 
described in a wide range of pyroclastic deposits (Fisher and Schmincke 1984), and 
observed in varying states during fallout from number of historic eruptions. For 
example, direct observations of accretionary lapilli type aggregates include, ones that 
remained intact (Sakurajima, Tomita et al. 1985; Gilbert and Lane 1994), those that 
"splashed" on impact (Soufriere, Brazier et al. 1982), and mud lumps that landed frozen 
and intact but subsequently defrosted into a mud slurry CRuapehu, Healy et al. 1978). 
The accretionary lapilli observed at eruptions of Sakurajima were produced exclusively 
during periods when the relative humidity was high (>80%) (Sparks et aI. 1997), while 
the eruptions at Soufriere and Ruapehu involved magma-water interaction and plumes 
produced were rich in liquid and condensing water. 
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Schumacher and Schmincke (1991) classified accretionary lapilli into two types; rim-
types and core-types. Those composed of a core of coarse-grained ash surrounded by a 
well-defined fine-grained rim are classified as rim-types. Rims may be simple discrete 
layers or composed of several internally-graded multiple rims. Accretionary lapilli 
without fine grained rims are classified as core-type. 
Recent experimental work (Gilbert and Lane 1994) shows the likely origin of 
accretionary lapilli and mud lumps is through collision of liquid-coated particles in the 
plume. Particles within a vapour-rich eruption plume act as condensation nuclei for 
water vapour (Bacon and Sarma 1991) and clasts may be continually coated in water or 
ice. When clasts collide, due to different fall velocities and convection in the plume, 
binding is likely because of the effect of strong, short-range surface tension forces 
(Reimer 1983). Electrostatic attraction is also important for attraction of smaller 
particles and the fine-grained layers on rim-type lapilli probably form this way (Gilbert 
and Lane 1994). Progressive accretion takes place by the scavenging of the plume by 
larger particles. 
At the very wet end of the ash deposition spectrum is mud rain. Where a plume is rich 
in vapour, water drops up to a few millimetres scavenge particles as they fall leading to 
a rain-out of very wet mud. There have been direct observations of this style of wet ash 
fall (e.g. Hayakawa and Shirao 1988; J Gilbert pers comm 1997), and scavenging by 
water droplets has been suggested as a possible mechanism for the formation of 
accretionary lapilli and mud lumps. However, wind tunnel experiments by Gilbert and 
Lane (1994) where liquid droplets were suspended in a stream of ash-bearing air 
produced hemispherical structures with horizontally layered grain size. Consequently, 
they discount it as a viable mechanism for accretionary lapilli formation, requiring large 
path lengths and residence time in plumes to enable evaporation of moisture. Gilbert 
and Lane (1994) suggest it is more likely that liquid drops will scavenge ash particles 
and fall simply as a mud rain. 
Ash coatings 
The mass of large clasts prevents the maintenance of the short-range forces of water 
surface tension and electrostatic attraction. Consequently, lapilli-sized particles do not 
readily form aggregates with other coarse clasts. However, under certain eruptive and 
plume conditions lapilli-sized clasts can play an important role in the premature fallout 
of fine ash. Evidence for this process is apparent in the fines-bearing lapilli fall facies 
for both the Hatepe and Rotongaio deposits (the basal beds of subunits Ha-C and Rn-C). 
For both situations, individual pumice clasts can be removed from the outcrop with a 
rind of unbaked fine ash intact. The characteristic particle size distribution for this 
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facies type is strongly bimodal, consisting of a relatively well-sorted coarse mode, 
similar to the coarse mode of the accompanying fines-poor lapilli facies, and a 
secondary fine mode around 4-5 phi (45-32 J.lm). 
The fine ash rinds in these facies are the direct result of cohesion onto the liquid coated 
surfaces of lapilli clasts, and a clear indication of the involvement of water during 
transport in the plume. Clasts may act as nucleation sites for the condensation of water 
within a steam-rich eruption plume and readily become coated in liquid layers. As well, 
the higher terminal fall velocity of lapilli-sized material means a greater chance of 
collision and interaction with other material in the plume and, consequently, Jiquid-
coated clasts are capable of efficiently scaven[~.fine ash from an eruption plume. 
Ag g regati on Processes in Hatepe Ash 
All remnant aggregates observed in these Hatepe ash facies are massive, relatively low 
density structures and typically lack very fine ash rims. Recent models for the formation 
of aggregates (Gilbert and Lane 1994) indicate these features are consistent with an 
aggregation mechanism involving liquid-coated particle cohesion, and relatively short 
travel distances and a limited residence time within plumes. 
Matrix-supported ash aggregate facies 
Massive ash beds with matrix-supported scattered mud lumps or accretionary lapilli are 
a common facies within phreatomagmatic deposits (Rosi 1992), but the depositional 
relationship between the matrix and the 'floating' ash aggregates in these beds has not 
always been fully explored. In some cases these mud lump and accretionary lapilli 
bearing beds have obviously been laterally emplaced and the matrix ash and aggregates 
were transported and deposited together in a pyroclastic flow (e.g. Scarpati et al. 1993), 
or the accretionary lapilli represent fallout of aggregates from a buoyant plume into a 
pyroclastic density current. However, where the unit is obviously fall in origin the 
relationship between the massive matrix and the floating aggregates is more enigmatic, 
but potentially important for quantifying liquid-coated particle aggregation processes 
and aspects of particle transport and deposition from wet plumes. 
The issue is whether the matrix represents material which accumulated as discrete 
particles, or whether the matrix material was transported as aggregates but represents 
those aggregates which preferentially disintegrated on deposition. If the latter, then what 
were the controls on the different styles of ash aggregation, and what do they imply 
about mechanisms of ash deposition from wet plumes? The grain size characteristics of 
the 'matrix' in this facies are very similar to that of the co-depositional mud lumps, and 
also very similar to mud lumps and accretionary lapilli from the other facies; the 
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slightly poorer sorting for the matrix samples reflects a minor coarse fall component in 
the ash beds. This is strong evidence that the massive fine ash 'matrix' represents 
material which was transported and deposited as aggregates, but these structures must 
have been relatively porous and fragile and were susceptible to destruction and 
compaction on, or soon after, deposition. 
Clast-supported aggregate facies 
The principal control on the nature of the physical behaviour of aggregate structures and 
their response on deposition (the resulting textures) is the liquid mass fraction, or water-
particle ratio within the plume (Gilbert and Lane 1994). Drier aggregates are typically 
less dense have irregular morphologies, and are more susceptible to break-up on 
deposition, whereas wetter aggregates are usually denser and are more likely to remain 
intact The clast-supported ash aggregate facies variant is clearly the product of wet, 
relatively dense mud lump fall, with, in contrast to the other facies types, most of the 
aggregate population remaining relatively intact on deposition. 
Vesicular ash facies 
'Vesicular' ash deposits are a common occurrence in the products of phreatomagmatic 
eruptions (Lorenz 1974; Sparks et al. 1981; Walker 1981b; Rosi 1992; Cole and 
Scarpati 1993). Vesicles in ash beds have been interpreted as the result of one of two 
processes including 1) the entrapment of gas (steam or air) during lateral emplacement 
of wet ash (Lorenz 1974; Cole and Scarpati 1993; De Astis et al. 1997), and 2) trapping 
of air during compaction of fall ash by droplets of rain or mud rain (Walker 1981 b; Rosi 
1992). 
The vesicles resulting from the trapping of air or steam by wet ash are distinctively 
smooth-walled and usually spherical or ellipsoidal. In contrast, the 'vesicles' of the 
Hatepe vesicular ash facies are irregular in form and reveal remnant mud lumps 
structures indicating that the 'vesicles' simply represent the void spaces left between 
partially coalesced and deformed ash aggregates. In the Hatepe ash, then, vesicular ash 
fall beds are interpreted as resulting from fallout and accumulation of wet mud lumps 
and accretionary lapilli that have deformed and partially coalesced on deposition due to 
their plasticity. Aggregates forming this facies were clearly wetter, if only subtly, than 
those forming the clast-supported and matrix-supported facies. Intervals of this facies 
represent periods when fallout was dominated by ash aggregates with relatively high 
liquid/particle ratios. 
This interpretation differs from Rosi (1992) who considered similar vesicle textures in 
ash fall deposits in the Phlegrean Fields not a strictly primary feature, but rather as 
having formed by post-depositional wet transformation of in-situ accretionary lapilli. 
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The thickness and uniformity of the Hatepe ash beds(!staken as(a strong indicator of a 
primary depositional origin for this facies. An analogy for this process is welding in 
near-vent pyroclast fall in which the degree of clast agglutination is controlled both by 
the temperature of clasts and also the rate of accumulation. For the vesicular aggregate 
facies, the main controls were wetness of the aggregates (liquid/particle ratio) and the 
rate of aggregate accumulation. 
Controls on ash aggregate textures in Hatepe ash 
Detailed bed by bed analysis in this study shows that the fine to very fine ash fraction of 
most fall facies was deposited principally by fallout of damp to wet aggregates. The 
contrasts in textures between the various Hatepe ash aggregate facies were largely 
controlled by the liquid/particle ratio of aggregates, and an appreciation of the nature 
and mechanism of aggregation allows some inferences to be drawn about how uniform 
aggregation processes were in space and time. 
As described in section 3.2.2, all Hatepe ash aggregate facies occur in close association. 
Changes between facies take place vertically over just one or two centimetres, and 
laterally over a few tens of centimetres to metres. Clearly, these relationships indicate 
that the nature of ash aggregate deposition was not unifonn and changed during very 
narrow time periods and over very short distances. What is less clear is how significant 
this heterogeneity is in terms of the overall nature of the wet plumes. Simple 
geomechanical tests of fine grained Hatepe ash samples were performed as a means of 
estimating the water content of aggregates represented by the Hatepe ash aggregate 
facies. Tests on various water/ash mixtures indicate that typical ash-rich Hatepe 
material will behave plastically at around 20-25 wt. % of water, and in a liquid fashion at 
around 25-35 wt. % water. These relatively narrow plastic and liquid limits suggest that 
only subtle changes in liquid/particle ratio (perhaps on the order of 5-10 wt. % water) 
were needed to produce the range of structural and textural variation evident in the 
Hatepe ash aggregate facies. On the basis of this it can be said that in the proximal and 
medial portions of Hatepe wet plumes there was small-scale heterogeneity in the 
relative proportions of liquid and particles in plumes, and this probably contributed to 
subtle differences in the styLe of ash fall from site to site. 
Fines-poor coarse fall 
The weak bimodality of this facies in proximal to medial sections is interpreted as the 
result of contamination from settling of later erupted fine ash into the top of these beds. 
Proximal to medial deposition of this facies was dominantly as discrete clasts However, 
in all styles of eruption plumes, particles <200 J.1m in diameter are usually transported 
and deposited as part of aggregates (Sparks et ai. 1997), and it is certain that, distally, 
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aggregation (dominantly by electrostatic attraction) would have played an important 
role in transport and deposition of fine particles from these plinian-style plumes. 
Fines-bearing coarse fa!! 
Coeval deposition of a substantial fines component in coarser lapilli fall deposits is 
attributed to a number of processes including intercalated small-scale density currents 
(Talbot et al. 1994), elutriated ash from intra-plinian ignimbrite clouds, mixing of 
earlier erupted fine ash with later erupted coarser particles (Fierstein and Hildreth 
1992), and moisture-induced premature fine particle fallout, or "rain-flushing". The 
fines component of the fines-bearing facies of Ha-C appears to be the product of 
moisture-dominated particle aggregation and scavenging by liquid-coated pumice and 
lithic lapilli. What is less clear is the source of the fines component that distinguish this 
facies from the fines-poor variant, and whether vent or plume conditions exerted the 
greatest influence on the contrast between the two facies variants. There are a number of 
possible scenarios for this fines-bearing coarse fall in Ha-C: 
1. a single plume source with interaction between the plinian-style Ha-C plume and 
a passing convective rain system causing localised irregular fallout of ash as 
aggregates and as coarse clast coatings, or 
2. a single but heterogeneous plume source with particle aggregation within an 
initially wet Ha-C plume promoted by minor amounts of magma-water 
interaction, and 
3. a multiple plume source involving mixing of a 'wet' plume (from which damp to 
wet ash aggregates were falling) with fallout of coarser discrete particles from the 
relatively dry Ha-C plume. 
The two key issues for resolving the genesis of this facies in Ha-C are; 1) the thickness-
distribution of the facies within Ha-C, and 2) whether the two distinctive coarse and fine 
particle populations are co-genetic or have been mixed at some point during dispersal 
and prior to coeval deposition. 
There are two main occurrences of the fines-bearing facies in Ha-C, at the base and near 
the top. The distribution of the fines-rich facies at the base within Ha-C is shown in Fig 
3.5. The distribution of the upper interval (not shown on map) is extremely limited 
(approximately 10 km2). In contrast, the basal occurrence is widespread within the 
proximal to medial environments (Fig 3.5) and displays considerable variation in 
thickness over short distances. 
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Interaction between volcanic plumes and rain showers has been inferred where poorly-
sorted fine ash layers occur over a limited area within otherwise coarse grained, plinian 
type fall deposits, and these beds show no simple relationship between thickness-decay 
and distance from source (Walker 1981c). The limited dispersal of the upper fines-
bearing interval suggests that this occurrence was probably the result-of interaction with 
an external source of atmospheric moisture, either due to locally high relative humidity 
or from a transient rainshower. However, for the basal occurrence a close relationship 
with the Ha-C eruptive source is clearly signalled by the overall pattern of thickness 
contours which close toward the lake and the vicinity of the Hatepe vent. 
Comparison of the tenninal fall velocity (TFV) of intact accretionary lapilli and pumice 
and lithic lapilli in this facies can help explicate the source of the fine ash (Table 3.2). If 
any accretionary lapilli are in aerodynamic equivalence with pumice lapilli and lithic 
clasts in the same bed then this would be a strong indication of a common plume source. 
If the accretionary lapilli are not aerodynamically equivalent, if their TFV values are 
considerably different, this would provide convincing evidence of a separate plume 
source for the fine ash component. 
Table 3.2. 
Comparison of terminal fall velocities calculated for pumice and wall rock lithic clasts and co-
depositional ash aggregates collected from the fines-bearing lapilli fall facies of subunit Ha-C. 
Clast size and densities listed are representative of values for 3 inner-medial localities between 
10 and 15 km from vent. 
Aggregates 
Juvenile Pumice 
Wall rock Lithic 
·•· •.• ·.:ff)PrNo'1$mCt.·~.~9.geP .. )ne.;t>·.·.···~1.' .•.•. i.i~.:.· .••.. t .•.. 'e ••.•. '.:S.:n·.~.J.s •• ~ :'le .• ~:~.".a ...•.. ~ . ~.~ .• ~...~.n .. ~· d~\Tgtffiihal .. 7}J. ~~'",v) ."!<.. .• ;!.~~~~Ui~~I()Ci~y~l'c; 
10-15 km 
10-15 km 
10-15 km 
08 mm, 1200 kg/m' 
10 mm, 1200 kg/m' 
12 mm, 1200 kg/m' 
50 mm, 800 kg/m' 
60 mm, 800 kg/m' 
80 mm, 800 kg/m' 
16 mm, 2400 kg/m' 
19 mm, 2400 kglm' 
22 mm, 2400 kg/m' 
8 m/s 
10 mls 
11 mls 
18 mls 
20 m/s 
23 m/s 
18 m/s 
20 m/s 
21 mls 
These data show, as would be expected in a coarse fall deposit, that the pumice and wall 
rock lithic clasts that occur together at each locality are aerodynamically equivalent, 
verifying that these clasts were dispersed together from the same height within a single 
common plume. The accretionary lapilli are quite clearly not in aerodynamic 
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equivalence and for them to occur in the same bed at the same distance from vent as 
clasts with TFV values double their own shows they must have fallen out from a 
separate plume at much lower atmospheric levels. 
Given the estimated plume height for Ha-C (30 kIn) and the TFV values calculated for 
lapilli and aggregate clasts in this bed it is possible to calculate, assuming uniform wind 
speeds at all levels, a probable plume height from which the aggregate component fell. 
The coarsest pumice clasts with a TFV of 23 m/s would have taken approximately 1300 
seconds to fall from 30 km. For ash aggregates with a TFV of 11 m/s to accumulate 
simultaneously with these pumice and lithic lapilli they have probably fallen from a 
plume between 14 and 15 Ian high. These data, then, favour scenario 3 in which there 
was intermittent accumulation of damp fine ash in the fonn of accretionary lapilli from 
a low level (tropospheric), slowly dispersing, relatively wet plume during the early 
stages of Ha-C volcanism. This wetter plume may have been a residual Ha-B plume, or 
perhaps was generated by limited magma-water interaction around the vent margins, 
with vapour- and liquid-rich plumes dispersed as a low collar around the base of the 
high, plinian-style Ha-C plume (e.g. Talbot et al. 1994) 
Ash and Lapilli Mixed Fall Facies 
Processes of deposition in this facies involved a combination of discrete particle fall and 
simultaneous accumulation of fine ash as particle aggregates. Fine grained ash is present 
as coatings on coarse clasts and as matrix, but mud lumps and other aggregate textures 
are poorly preserved. On the basis of grain size and occurrence this fine grained 
component is interpreted as material which accumulated ~t~raggl"~gates, not as 
r -- -
individual particles. Because of the paucity of intact aggregates in this facies, it is 
difficult to detennine whether the aggregates and coarse clast popUlations are in 
aerodynamic equivalence and, therefore, make some inferences about the relative 
sources of the coarse and fine components. There are two important observations on 
which the interpretation of this depositional facies hinges. First, distribution of this 
facies is less widespread than the ash aggregate and coarse fall facies, and proximal 
beds of this facies in subunits Ha-B and Ha-D cannot be traced beyond the inner-medial 
environment. Second. The grain size characteristics of this facies are intermediate 
between those of discrete fall beds and ash aggregate facies samples indicating that 
eruptive conditions for this facies were probably transitional between those of low 
water-magma ratio events, and high water-magma ratio deposits. 
Intervals of this facies within beds dominated by ash aggregate facies are interpreted as 
the product of rapid but perhaps minor fluctuations in magma discharge rate which 
caused short-lived variations water/magma ratio at the vent which controlled the style of 
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plume development and the character and mechanism of pyroclast transport and 
deposition. Mixing of discrete and aggregate particle populations occurred due to the 
closely-spaced nature of these variations in discharge rate, and the lag time of dispersal 
of the preceding wetter, lower plumes. 
Lateral Changes in Depositional Assemblages 
Grain size data proviqesJhe simplest means of assessing lateral changes in depositional 
\_-.. / 
processes over large scales. Contrasts in the grain size properties of fall deposits from 
the proximal, medial and distal environments, indicate that depositional processes and 
plume conditions changed progressively and in a significant way during Hatepe ash 
volcanism. Two main patterns of lateral transformations are defined by comparison of 
clast populations from medial fall facies (coarse fall, ash aggregate and ash and lapilli 
mixed fall facies) and the distal facies: 
1. a progressive shift with distance from vent of the dominant coarse mode to finer 
sizes, displayed by samples from coarse fall facies, and 
2. a very unusual shift of mode to coarser sizes with distance from vent and 
progressive improvement in overall sorting displayed by ash-rich facies. 
The first is typical of the lateral changes seen in the clast populations of plinian-style 
deposits in which plume conditions are relatively dry and deposition in the proximal to 
medial area is by discrete particle fall resulting in strong size fractionation (Walker 
1981c; Sparks et al. 1997). A dry style of particle aggregation dominated by 
electrostatic attraction is likely to have played an important role in transport of particles 
<100 j.1m (Sparks et at. 1997) and deposition of material distally. 
The second pattern, exhibited by the ash-rich beds of the Hatepe ash (ash aggregate and 
ash and lapilli mixed fall facies), is of considerable significance. Such lateral variation 
has never before been documented for the Hatepe ash or for any other phreatoplinian 
deposit. Previously it has always been asserted that widespread phreatomagmatic 
deposits are much finer grained than plinian deposits and that they show only small 
variations in grain size with distance from vent (Self and Sparks 1978, Walker 1981b). 
These tacit characteristics contrast with the strong size fractionation demonstrated by 
deposits of dry plinian eruptions, and has traditionally been interpreted in terms of both 
increased fragmentation at the vent during phreatomagmatic eruptions, and as an 
indicator that deposition throughout the plume was dominantly the result of aggregation 
of liquid-coated particles. 
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Clearly fine particle aggregation was the dominant depositional process in accumulation 
of the fines-rich fall facies of the Hatepe ash and, in that part of the dispersal area 
investigated, this aggregation was dominantly in the form of damp to wet mud lumps 
and accretionary lapilli. However, the marked changes exhibited by ash aggregate facies 
clast populations over a distance of 50-60 km indicate that the plume assemblage which 
these aggregates were sampling was not uniform but must have been evolving with 
distance. The significantly higher mass of fines in proximal and inner-medial Hatepe 
ash fall deposits relative to distal deposits (see Fig 3.14) indicates aggregate fallout 
must have been especially intense close to source, perhaps due to convective 
instabilities, and this influenced the subsequent downwind evolution of plume clast 
populations, resulting in fallout of relatively coarser aggregates at 50-60 km distance 
from vent. 
The outcome of these lateral transformations exhibited by the discrete and aggregate fall 
facies is the progressive merging of grain size properties of these different facies 
distally. In the proximal and medial environments the nature of ash aggregate and 
coarse fall facie(~re:'very distinctive but, distally, the differences between these facies "-
become quite muted. This suggests that whole-deposit clast populations of the 'dry' and 
'wet' Hatepe plumes may not be have been significantly different, therefore suggesting 
that the mode of fragmentation was very similar, and that the proximal differences 
between the facies is mainly a depositional artefact. 
Lateral Emplacement 
The products of lateral emplacement (surge deposits and ignimbrite) feature 
significantly in the proximal deposits of large-scale phreatomagmatic eruptions (e.g. 
Oruanui deposit, Self 1983; Whomeyside Tuff, Branney 1991; Neapolitan Yellow Tuff, 
Cole and Scarpati 1993). Presumably this is because of factors such as the water-filled 
or subaqueous closed-vent conditions, the potential instability of dense, water-rich 
plumes (Koyaguchi and Woods 1996), and the usually heterogeneous, non-sustained 
nature of magma-water interactions (White 1997). 
Massive to cross-stratified material dominates the proximal stratigraphy of the Hatepe 
ash implying lateral emplacement processes were important However, no widespread or 
locally-dispersed ignimbrites are found in the Hatepe sequence (cf. Oruanui deposits), 
and there is no evidence to indicate whole-column collapse occurred at any stage of 
Hatepe ash volcanism. 
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Hatepe Ash Laterally Emplaced Facies 
Bedforms, grain size, and clast morphology are all consistent with turbulent transport 
and some lateral emplacement mechanism. The exact nature and dynamics of the 
processes involved is more ambiguous. The cross-stratified lapilli-rich intervals which 
occur only at the most proximal sections, 6-8 km from vent, are interpreted as primary, 
f 
vent-derived, turbulent pyroclastic density current~. The overall grain size and nature of 
, , 
bedforms of this facies indicate that depositiori. was from relatively wet, cohesive 
density currents. The lapilli-poor laterally emplaced facies display features consistent 
with emplacement by relatively weak, wet density currents (De Rosa et al. 1992). 
Many beds in proximal and inner-medial sections appear to display some properties 
consistent with both fall and lateral emplacement mechanisms; for example, strongly 
modified rounded pumice lapilli in mantle-bedded, well-sorted lapilli beds. The 
trajectories of particles in normal fall beds are assumed to have had a negligible 
horizontal component. The mixed properties of this interval are taken to indicate some 
hybrid process of deposition involving a lateral component of velocity, perhaps 
generated from episodic descent of dense showers of material falling out from the 
umbrella region of plumes or from high off the column margins. Experimental studies 
of particle-laden plumes strongly suggest that sedimentation involves convection in 
which the density differences causing motion are due to particle concentrations rather 
than temperature (Carey et al. 1988). When particles are not distributed uniformly 
within a plume, convective instabilities are induced which can lead to the rapid descent 
of bulbous, particle-rich fingers of material from the umbrella region of an otherwise 
buoyant plume (Carey et al. 1988). 
3.5.3 Syn- and Post-Depositional Processes 
A number of important secondary processes operated at the site of ash accumulation and 
contributed to the nature of various intervals of the Hatepe ash stratigraphy. The most 
important processes were gully and rill development by fluvial erosion, small-scale 
fluvial reworking, and soft-sediment deformation. Lithofacies analysis has allowed 
some broad spatial and temporal relationships to be established. 
Fluvial Erosion and Reworking 
The freshly accumulated Hatepe ash was susceptible to fluvial erosion and reworking 
because of its unconsolidated nature, and the increased runoff promoted by the low 
infiltration into the impermeable damp to wet ash. It is apparent that two styles of 
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reworking (channelled and microfluvial) were important during Hatepe volcanism, and 
these contrasting styles imply two very different scales of syn-eruptive processes. 
Channelled reworking is typically associated with gullying events and was the product 
of discrete erosion intervals separate from primary depositional events, although 
reworking may have been on-going within channels. Rills of restricted distribution were 
produced by local meteorological rainshowers, while rills correlatable over wide areas 
(> 10 km) and which show a progressive decrease in rining intensity with distance from 
source are probably the result of rainfall from vent-derived vapour and liquid-rich 
plumes. In mainly outer-medial and distal regions there were long-lived fluvial channels 
and surface water was present in these channels during a large part of Hatepe ash 
volcanism and even continued into phase 4. In these situations the depositional response 
of primary fallout was significantly different over spaces of only a few centimetres. 
Unmodified primary lithofacies accumulated on interfluves, while simultaneously in 
channels perhaps only a few centimetres away that same primary fallout was 
substantially modified and redeposited as fluvial lithofacies. 
Microfluvial Processes and Plume Conditions 
Microfluvial reworking occurs within primary beds and is interpreted as due to 
fluctuations in the liquid/particle ratio of the plume assemblage. These apparently 
secondary beds, then, represent part of a depositional spectrum of pyroclastic deposition 
defined by the liquid/particle ratio of fallout. Where the water/particle ratio was high to 
very high (mud rain), small-scale reworking was favoured over primary accumulation. 
When liquid/particle ratios of fallout at anyone site was heterogeneous, microfluvial 
reworking could be taking place concomitant with primary wet ash accumulation a few 
centimetres laterally. 
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3.6 CHAPTER SUIVIMARY 
The Hatepe ash (unit 3 of the 1.85 ka Taupo eruption) represents the widespread 
product of a large-scale phreatomagmatic eruption, generated by the interaction of an 
actively vesiculating and fragmenting magma with abundant surface water. Four general 
modes of activity representing different vent and plume dynamics are defined by the 
four general facies groups: 
1. Discrete Fall Episodes - generated during episodes of relatively high discharge 
rates (perhaps comparab1e to the Hatepe plinian eruption) which resulted in a 
10wer water/magma ratio at the vent. Fragmentation was almost exclusively 
magmatic, and high, relatively 'dry' plumes (~30 km) produced widespread 
plinian-style deposits. Deposition in proximal to medial areas was dominantly by 
discrete, coarse particle fall While, distally, dry electrostatic aggregation was 
probably an important process. Locally, mixing with wet aggregate fallout took 
place at low levels. 
2. Ash Aggregate Wet Fall - representing episodes when water/magma ratios at the 
vent were higher due to lower discharge rates, but fragmentation was still 
overwhelmingly from magmatic volatiles. However, the higher involvement of 
water at the vent significantly changed the plume dynamics and greatly influenced 
the processes of particle transport and deposition. Dispersal was from relatively 
low (perhaps 10-15 km at the most), dense plumes rich in liquid and vapour, and 
deposition in the proximal to medial environments was dominantly by aggregation 
of liquid-coated fine particles. Differences between the various types of ash 
aggregate facies were largely established in the plume during transport and fallout 
due to 1) small-scale heterogeneity over a narrow part of the liquid-particle 
spectrum, and 2) fluctuations in the rate and concentration of aggregate fallout. 
Plastic limit tests suggest approximately 0.5 km] of water was erupted from Lake 
Taupo and deposited as part of the aggregate facies pyroclast assemblage. 
3. Mixed Discrete and Aggregate Fall - representing transient episodes during 
dominantly wet ash aggregate fall from low wet plumes when there were short-
1ived increases in discharge rate. Water probably continued to have unrestricted 
access to the vent but with an increase in discharge rate the effective water/magma 
ratio decreased, plume height increased and the style of deposition in proximal 
and inner-medial areas included discrete particle fall. Because of the short-lived 
nature of these fluctuations and the 1ag time in dispersal of earlier erupted wetter 
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plumes, the discrete particle fall populations mixed during transport and 
deposition with wet aggregate fallout. 
4. Lateral Emplacement - important in the proximal environment due to generation 
of dilute and turbulent pyroclastic density currents, probably derived from 
collapse of the unstable out~:fi1argins of the rising central column. 
The variety of primary facies identified within the Hatepe ash and lateral variations in 
of these facies indicate that Hatepe volcanism involved a diverse range of eruptive 
styles and depositional processes. This clearly demonstrates that the Hatepe ash does 
not represent the product of a simple sustained eruption and uniform fallout. Rather, it 
was produced by a continuous but irregular discharge of actively vesiculating magma, 
with fluctuations in magma flux often over very short intervals resulting in a range of 
eruptive styles and depositional modes. 

4 
4.1 INTRODUCTION 
4.1.1 Chapter Philosophy 
The Rotongaio ash (unit 4 of the 1.85 ka sequence) is a widely dispersed, fine grained 
fall deposit which has been cited as a type example of phreatoplinian volcanism (Self 
and Sparks 1978). However, the Rotongaio ash deposit has a number of unusual 
features which set it apart from most other widespread fall deposits (Walker 198] b): 
1. It is extremely fine grained throughout the dispersal area, and even in the most 
proximal exposures clasts coarser than ] mm are very rare. 
2. It is a striking blue-grey deposit consisting almost exclusively of poorly to non-
vesicular juvenile clasts, which contrasts sharply in outcrop with the other 
pumiceous units of the Taupo eruption (Fig 4.]). 
3. Unlike most other widespread fall deposits, bedding in the Rotongaio ash is 
dominated by very fine multiple laminations, especially in proximal sections, but 
even in medial and distal localities primary stratification is defined by multiple 
thin beds. 
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4. Much of the ash evidently fell as aggregates of fine particles, and intact aggregate 
structures, abundant throughout the dispersal area, have proved a useful 
interpretive tooL 
5. A defining feature of the Rotongaio ash is the presence of intra-unit, syn-eruptive 
erosional levels with locally complex relationships apparent between primary 
accumulation, fluvial erosion and redeposition. Much of the Rotongaio ash was 
clearly wet on deposition having adhered to locally steep slopes, and in some 
cases ash is considerably overthickened in depressions, indicating that it was 
sufficiently wet to flow over short distances under the influence of gravity. 
These key features of the Rotongaio ash have only ever been described in general 
(Walker 1981b; Wilson and Walker 1985; Talbot 1988) and no investigations have 
previously attempted to account for the unusual aspects of the deposit such as the very 
fine multiple bedding, or more rigorously quantify the nature and dynamics of 
Rotongaio volcanism in time and space. 
As with the Hatepe ash, the underlying principle for this study of the Rotongaio ash has 
been the establishment of a lithostratigraphic framework for detailed evaluation of 
spatial and temporal variations. Within this framework it has been possible to derive 
valuable information on: 
1. how uniform processes of fine ash deposition were, and the controls on formation, 
dispersal and deposition of aggregates of fine particles, 
2. the relative roles played by vent and plume processes versus conditions at the site 
of deposition in controlling the character of beds, 
3. changes in eruptive style and ash dispersal with time, and the nature of wet plume 
dynamics during phase 4 of the Taupo eruption, and 
4. relationships between primary and secondary processes at a variety of scales. 
4.1.2 Chapter Structure 
This chapter presents new data from intensive field and laboratory investigations of the 
Rotongaio ash and serves as an introduction to the detailed examination of ash 
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Fig 4.1 
Photograph of locality 1, Rotopuha Rd, showing the striking contrast between the dark, blue-grey Rotongaio 
ash, and the pumiceous Hatepe ash and Taupo ignimbrite. 
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(A) Generalised stratigraphic log and (8) field photograph showing typical Rotongaio ash medial subunit 
stratigraphy. Thickness in centimetres. Coin measures 28 mm 
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depositional facies and the specific products of primary and secondary processes 
presented in chapter 5. The main emphasis of this chapter is characterisation of the 
subunit stratigraphy of the Rotongaio ash, and their stratigraphic relationships, dispersal 
patterns, volume, and eruptive source. 
4.2 ROTONGAIO SUBUNIT STRATIGRAPHY 
4.2.1 Mapping Philosophy 
Previous studies of the Rotongaio ash have dealt only with the broader features of the 
unit and prior to this study no attempt had been made to establish a detailed stratigraphy 
for the unit. Consequently, all previously published thickness distribution maps (Healy 
et ai. 1964; Vucetich and Pullar 1973; Walker 1981b) are based on total outcrop and 
whole unit thickness measurements. As suggested for the Hatepe ash unit, such an 
approach is useful only for uniform deposits produced under constant eruptive 
conditions during large sustained eruptions. The fine, multiple bedding within the 
Rotongaio deposit suggest it is not the product of a simple, sustained eruption and, '-
/\ 
consequently, a whole deposit approach to investigating the unit is not satisfactory. In 
this study, exhaustive mm-scale section logging at almost 200 localities has identified a 
mappable internal stratigraphy within the Rotongaio ash, thus providing, for the first 
time, a more rigorous basis for consideration of lateral and vertical variability within the 
unit, and allowing for a more satisfactory quantification of eruption parameters. 
The Rotongaio ash is recognisable as a unit over an area of approximately 10 000 km2 , 
to a distance of about 90 km downwind from vent. The Rotongaio ash is laminated or 
finely bedded at every outcrop, and laminae are often continuous over distances of a 
few metres across an exposure. However, there are wide variations in the scale at which 
beds can be recognised between even closely-spaced outcrops. There is an intriguing 
enigma, then, in the contrast between the exceptionally well-bedded character of the 
Rotongaio ash and the difficulty of tracing many of these beds between even adj acent 
outcrops. Ideally, for a unit as finely bedded as the Rotongaio ash, each individual layer 
in proximal and medial exposures should be mapped separately, as they each represent 
discrete events at the source, and may have been erupted under a different set of 
eruptive conditions. However, the complex and variable nature of syn-eruptive erosion 
and reworking, as well as post -depositional modification have all conspired against 
preservation of a perfect intact primary stratigraphy in the Rotongaio ash. These factors 
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make the Rotongaio ash appealing to study but mean that a strictly layer-by-Iayer 
approach is not workable, at least for characterising ash dispersal patterns. 
As an expedient solution to this enigma, seven stratigraphic subunits (Rn-A to Rn-G) 
were defined in proximal and medial Rotongaio sections on the basis of distinct marker 
beds and/or short but regionally extensive gullying and rilling intervals (Fig 4.2). In 
contrast to the Hatepe ash, most elements of the subunit stratigraphy can be identified in 
the most proximal sections. Subunits can be confidently identified out to approximately 
50 km from vent. This provides significant control on variations in ash dispersal 
patterns compared with previous attempts, and allows effective time-space relationships 
of depositional processes to be estimated. Within the context of whole unit dispersal this 
represents only what would be considered the medial environment. However, in the 
descriptions and discussions that follow the term "distal" is used to describe the outer 
limits of subunit detection and not the extent of whole unit dispersal. Table 4.1 
summarises the main characteristics of all the Rotongaio subunits, and Fig 4.3 presents 
laboratory data discussed in the following subunit descriptions. 
4.2.2 Subunit Character 
RI1-A 
Subunit Rn-A is the most uniformly fine-grained of all the Rotongaio subunits, with 
samples characterised typically by unimodal but mostly poorly-sorted distributions with 
modes around 4.5 to 5 phi (45 to 32 ~m) (Fig 4.3). Proximal Rn-A exhibits an excellent 
primary stratigraphy with sharply defined plane-parallel contacts between fall beds 
which dominate over finely planar- and cross-laminated, laterally-emplaced beds. Close 
examination of the massive fall beds reveals a variety of ash aggregation textures, the 
implications of which are discussed in chapter 5. Most proximal Rn-A beds are of 
primary thickness and texture, gullying is very rare and the only secondary features are 
rare localised water expUlsion structures. Medial Rn-A typically consists of a number of 
thin alternations of orangeibrown and blue/grey, massive, fine to very fine ash beds, 
with various remnant ash aggregation textures revealed by careful plucking of spaded 
surfaces. 
As with most beds of the Rotongaio ash, wall rock content of even the coarsest fractions 
of Rn-A samples is quite low (Fig 4.3). Basal Rn-A beds have the highest content of 
pumiceous juvenile clasts (>40% vesicles; moderately to highly vesicular in 
terminology of Houghton and Wilson 1989) of any of the Rotongaio subunits, but the 
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proportion of dense juvenile clasts (0-20% vesicles) increases steadily up through the 
subunit. For the basal beds this pumiceous component may reflect some minor mixing 
with Hatepe ash material, but for the rest of Rn-A it is probably juvenile and derived 
from the inflated, relatively gas-rich carapace of the advancing Rotongaio magma. 
Table 4.1 
Summary of dispersal, volume and field characteristics for all Rotongaio subunits defined in this chapter. 
Volume estimates given in km ~, and bVbc values (thickness and clast size half-distances) in km. Grain size 
Inman parameters based on ranges observed for proximal and medial samples. 
~i?1§}J,p1-f" .:.Q;~~.criRtJ~H~~;~~~1;~%g~~r1 
Rn-A Strongly bilobate, 0.07 Md0= 4.7-5.4 Fine-very fine ash. Multiple fine 
NE and SE bl =2.9 
laminations in proximal sections, 
?controlled by O'~= 2.2-2.8 thin massive beds in medial and 
regional topography distal areas. Ash aggregate 
textures common. 
Rn-8 B1 NE, B2 bilobate B1 0.03 B1 Md0= 1.2-2 Consists of two subunits. B1-
to NE and SE. bl =4.5 
dense coarse ash, with poorly-
(J~= 2.7-3.4 sorted massive and reverse-
B(total) 0.16 B2 JIJ1d0= 4.6- graded intervals. B2 -fine-very bl =3.8 dense juvenile ash beds exhibiting 5.2 a variety of aggregate textures. 
O'~:: 2.2-2.8 Cross-stratified intervals in proximal sections, rare wavy 
partings in medial B2. Minor intra-
unit erosion. 
Rn-C Strongly to north 0.04 Md0= -1.1-1.9 Well-sorted coarse ash to medium 
and south, weakly bl ::5.0 (J~= 1.1-4.2 
lapilli plinian-style unit. Dominated 
to east by dense juvenile pumice. Basal 
bc =6.5 half fines-rich and upper half fines-poor Non-cohesive part 
strongly ~ected by local 
topograp y. Local reworking and 
erosion. 
Rn-O Bilobate, weak ENE 0.0.13 Md0= 3.9-5.5 Brown-grey massive and weakly 
and SE. Broad b,=4 laminated fine-very fine ash. Ash cross wind range. (J~= 2.2-2.9 accretion textures. Locally 
Influenced by strongly gullied. 
regional topography 
Rn-E Subunit E1 0.27 Md0= 2.3-5.1 Blue-grey medium-very fine ash, 
predominantly to b,=4.7 (J~= 1.9-2.9 
well developed basal and intra-
the NE, subunit E2 unit gullying. E1- thin multiple 
predominantly to massive and weakly-bedded ash. 
SE. Broad E2- well-developed planar cm-
crosswind range bedding defined by fresh dense 
medium ash. 2-3 reworking 
intervals in medial E. 
Rn-F Broadly to east, 0.11 Md0= 4.1-5.5 Olive-grey reI. well-sorted fine 
with extensive b,=3.3 ash. Massive to weakly planar crosswind range 0'$= 1.9-2.5 bedded. Ash aggregate textures 
rare. Rare cross beds strong 
topographic control. Local basal 
rilling. 
Rn-G Strongly dispersed 0.02 Md0= 0.1 Fines-free to fines-bearing plinian-
to ENE, narrowly b, =4.4 (J$= 0.9 style bed. Clasts dom. dense confined juvenile coarse ash - dense 
pumice lapilli, wall rock poor. 
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Throughout a large part of the medial environment the contact between the Hatepe ash 
and Rn-A is marked by a spectacular gullying interval (see chapter 2). The relief 
generated by the gullying has had a major influence on the syn-depositional response of 
all units of the Rotongaio ash. In areas where slopes are greater than about 40· beds 
have adhered, but thin markedly over highs and thicken correspondingly into lows 
above the gully axes. Contacts between beds on the gully walls are in places irregular 
and relationships are complex making it difficult to distinguish rilling erosion from soft-
sediment deformation. 
Rn-B 
This subunit includes beds of a wide textural range and can be further subdivided into at 
least two subunits (B 1 and B2) on the basis of grain size characteristics (Fig 4.2). The 
base of Rn-B is defined throughout most of the proximal and medial dispersal area by a 
package of very poorly-sorted, fines-bearing, bimodal coarse ash beds (B 1) (Fig 4.3). 
Proximal B 1 comprises an upper half with three reverse-graded intervals of similar 
thickness, and a lower half which is equally coarse-grained but more diffusely bedded. 
Distinctions between these individual intervals is possible out to about 20 km from 
source. Proximal B2 is dominated by fine to very fine ash beds ranging from less than a 
millimetre in thickness to several tens of centimetres thick. The thicker beds exhibit 
weak bedding defined in a variety of ways; by variations in the development of various 
ash aggregation textures, by concentrations of medium ash, and by ultra-fine (clay-
grade) ash laminae. Bedding is mostly planar but thin (1-3 cm) intervals of wavy-
bedded medium ash are present. These minor intervals were clearly laterally-emplaced 
and are present both as discrete sharply-bounded beds and diffuse partings within 
thicker massive beds suggesting a subtle balance in the proximal setting between 
normal fall (vertical) and lateral deposition (see chapter 5). Proximal Rn-B lacks any 
evidence for major erosional episodes and contacts between major bedsets are usually 
sharp and planar. 
Medial and distal B2 sections are dominated by three to four main beds (Fig 4.2). 
Bedding ranges from massive to diffuse to fine planar- and wispy cross-lamination. 
Planar bedding is defined by alternations of medium ash partings and ultra fine ash 
laminae (Fig 4.2). Wispy cross-lamination is defined by cryptic ultra fine ash wedges or 
inclined lenses with single medium ash clast partings. These unusual beds, which occur 
at a number of stratigraphic positions throughout the dispersal area, are described and 
their significance discussed in chapter 5. 
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Samples of B2 beds in the medial environment are typically very fine grained, with 
unimodal particle size distributions (modes typically around 3-5 phi (125-32 Jlm)) 
through the sequence (Fig 4.3). Overall, componentry is uniform through the sequence. 
Wall rock lithic content of all sampled medial Rn-B beds is extremely low, especially in 
fractions finer than 3 to 4 phi (125-63 Jlm). Juvenile clasts in the 2 to 5 phi range 
measured are dominantly non- to poorly vesicular (0-40% vesicles) (Fig 4.3). 
Axial medial sections indicate at least two correlatable erosion events within Rn-B (see 
chapter 5) and both the upper contact with Rn-C and lower contact with Rn-A are 
locally rilled. 
Rn-C 
Subunit Rn-C is the coarsest bed within the Rotongaio ash and resembles a plinian-style 
deposit consisting typically of relatively well sorted, unimodal to incipiently bimodal 
distributions with proximal coarse modes around -1 to 0 phi (2-1 mm) (Fig 4.2 and 4.3). 
In most areas of dispersal, the basal half of this subunit is fines-bearing, and the upper 
half is generally fines-free and cohesionless. Clasts are dominantly obsidian chips and 
poorly-vesicular grey pumice fragments, but the coarsest clasts can be moderately to 
(rarely) highly-vesicular pumice. Rn-C is often bounded by rilling intervals on the scale 
of 3-10 centimetres, which are best developed in medial localities. Due to the mostly 
cohesionless nature of Rn-C, this subunit can show dramatic thickness variations in 
areas with significant pre Rn-C relief. 
In general, componentry of Rn-C is similar to beds of the other ash-rich subunits (Fig 
4.3), although there is significant variation spatially within Rn-C and this is described in 
section 4.2.2. Wall rock lithic content is generally low, even in the coarsest fractions, 
and juvenile clasts are dominantly dense, although the proportion of moderately to 
highly vesicular material is slightly higher than for the other ash-rich beds. 
RI1-D 
In medial localities subunit Rn-D consists of dominantly brown-grey massive and 
weakly laminated very fine and fine ash (Fig 4.2). The post-Rn-C proximal stratigraphy 
is difficult to define unequivocally because of the general absence of marker gully 
intervals, and a stratigraphy complicated by a variety of near-vent depositional 
processes. However, a major gullying interval at locality 7 can reasonably be assumed 
as the base of Rn-E and the top of Rn-D, thus placing some constraint on at least one 
proximal locality. Beds between this major gullying interval and Rn-C indicate that 
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proximal Rn-D is dominated by massive to weakly bedded, fine to very fine ash with 
ash aggregation and coalescence textures common. Intervals of finely bedded and cross-
bedded medium ash are present but subordinate. 
Medial Rn-D is dominantly very fine grained and two to three main beds dominate the 
stratigraphy. Samples indicate only subtle variations in grain size at anyone location, 
and asymmetric unimodal distributions with modes around 3 to 4 phi (125-63 !tm) 
typical (Fig4.3). Similarly, componentry is uniform within the subunit, and like the 
other ash-rich subunits dominated by dense juvenile material. 
In medial sections the gullied contact which defines the contact with Rn-E dominates 
the subunit and beds are locally very irregular, often making determination of primary 
thickness difficult. Locally, at least one internal erosional event is reco gnisable. 
Rn-E 
Subunit Rn-E comprises a striking multiple set of blue-grey beds notable for the 
multiple, finely planar-bedded intervals of dense, relatively well-sorted, fine to medium 
ash (Figs 4.2 and 4.3).The basal contact throughout most of the dispersal area is defined 
by a major rilling interval that has locally eroded deeply into both the underlying 
Rotongaio stratigraphy and the Hatepe ash. While depth/width ratios are quite variable, 
gullies may be up to 0.4 m deep and 0.5 m wide in medial sections and a single 
proximal 10caJity (locality 7) shows a spectacular 2 m deep, 6 m wide channel. A 
consequence of this gUllying is the exaggeration of the pre-existing relief caused by 
erosion at the close of Hatepe volcanism, and this has influenced the depositional 
response of Rn-E to Rn-G beds. 
In relative terms, Rn-E exhibits the most variation in grain size at anyone site of all the 
other Rotongaio subunits. Samples of beds range vertically over the space of 2 to 3 cm 
between weakly bimodal distributions with dominant coarse ash modes around 2 phi 
(250 !tm), asymmetric distributions with steep peaked and consistent modes at 3 phi 
(125 !tm), and symmetrical, very fine ash distributions with broad modes around 4 to 6 
phi (63-15 !tm) (Fig 4.3). 
Rn-F 
Rn-F is a distinctive olive-grey, multiple-bedded, fine grained, but relatively well-sorted 
subunit (Fig 4.2). The base is defined by a generally light olive-grey, relatively well-
sorted fine ash bed that rests on or near a gullying interval in southern parts of the 
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dispersal area. Due to the infilling nature of Rn-E, most exposures of Rn-F are relatively 
flat-lying and good primary thicknesses can be obtained for this subunit. Beds within 
this unit are mostly massive or weakly bedded, but there are rare medial exposures that 
exhibit well-developed medium and very fine ash segregation and low angle cross-
stratification. These cross beds are strongly influenced by small scale relief and indicate 
a local lateral vector during deposition (see chapter 5). 
Samples of Rn-F beds are better sorted than the fine grained beds of other subunits (Fig 
4.3). Particle size distributions reflect the relatively low sorting values (around 2 phi 
(250 fLm)) and exhibit steep modes consistently at 3 phi (125 fLm). Componentry is 
similar to the other subunits; wall rock lithics are negligible and juvenile clasts are 
dominantly poorly to non-vesicular. 
Rn-G 
Rn-G is a single, plinian-style, coarse ash to fine lapilli bed, which is fines-free in 
proximal exposures, and weakly fines-bearing in medial and distal sections (Fig 4.3). 
The fines content may be due to contamination from the overlying locally fine grained 
base of the Taupo plinian pumice unit. Juvenile clasts are dominantly poorly vesicular 
(mean vesicularity 42%), but ranges from blocky fresh obsidian to rare highly vesicular 
pumice (max. vesicularity 65%) (Fig 4.3). Wall rock lithics are very rare, and those 
present are dominantly rhyolite lava. The basal contact with Rn-F is very sharp and Rn-
G is overlain in proximal sections by a thin interval of fines-rich plinian pumice of 
phase 5, in turn overlain by more typical well-sorted coarse Taupo Pumice. 
4.2.3 Lateral Val'iation 
Subunit Lateral Variation 
Detailed stratigraphic logs and selected field photographs show downwind subunit 
correlations along the general east-northeast dispersal axis in Fig 4.4, and along a 
southeast transect in Fig 4.5. Crosswind subunit correlations are shown for a medial 
transect in Fig 4.6, and a distal transect in Fig 4.7. 
Rn-A 
Subunit Rn-A can be confidently correlated between proximal, medial and distal 
sections downwind along the east-northeast transect, out to the limit of dispersal of the 
overlying marker bed B 1 (Fig 4.4.). However, correlation of individual Rn-A 
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component beds along this transect over distances of a few tens of kilometres is more 
problematic. Stratigraphic sections downwind to the southeast (Fig 4.5) and along 
crosswind transects (Figs 4.6 and 4.7) show a contrast between medial Rn-A in the 
north (Fig 4.4) and Rn-A in the south. Unequivocal recognition of the Rn-AlRn-B 
contact is hampered in the south by the absence of the B 1 marker bed. Traces of coarse 
to medium ash in some sections allow some tentative correlations to be made across the 
dispersal area. The absence of this clear marker bed highlights the difficulty of 
correlating individual beds within subunits over distances greater than a few kilometres. 
This is probably a consequence of two factors; 1) the variable distance and direction of 
dispersal of elements in the stratigraphy, and 2) the difficulty of distinguishing 
correlatives amongst beds with only subtle differences in colour and texture, which have 
undergone variable degrees of syn- and post-depositional modification. 
Rn-B 
Rn-B shows similar lateral variations to Rn-A. Downwind along the east-northeast 
transect, marker beds are well-defined and the subunit can be correlated over tens of 
kilometres (Fig 4.4). Tracing individual beds within the subunit is more problematic but 
possible for some beds over a few kilometres. As with Rn-A there is lateral stratigraphic 
variation in Rn-B across the dispersal area, with many individual beds in the south 
unrecognisable from Rn-B component beds in the north (Figs. 4.5-4.7). 
Rn-C 
Fig 4.8 presents field photographs, detailed stratigraphic columns, and selected grain 
size, component and clast vesicularity data for subunit Rn-C. Due to it distinctive 
character and because it represents a single bed there is little difficulty in correlating 
Rn-C throughout the dispersal area. Rn-C exhibits considerable downwind and cross-
wind variability both in stratigraphy, grain size and juvenile componentry. In the most 
proximal sections Rn-C is only weakly fines-bearing, while to the east there is a clear 
bipartite division into a fines-bearing lower half and fines-poor upper half (Fig 4.8). To 
the south the internal stratigraphy is similar except for a locally prominent fines-poor 
parting near the top of the fines-bearing lower half (Fig 4.8b), Immediately north of the 
lake (localities 52 and 80) Rn-C is significantly coarser than other measured sites and, 
in general, Rn-C in the north is relatively fines-poor (Fig 4.8a). 
There are notable variations in componentry of subunit Rn-C across the dispersal area. 
Much of this variation is in the nature of juvenile clasts. In the most proximal sections 
(localities 6, 7, 32, 160, 170) and in the east, Rn-C juvenile clasts are dominantly 
moderately to poorly vesicular (mean vesicularity values around 40-45% vesicles), but 
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range widely from non- to highly vesicular (up to 65% vesicles) (Fig 4.8a). In contrast, 
in the northern and southern areas Rn-C is noticeably richer in highly vesicular pumice 
clasts, and the coarsest juvenile fractions of locality 52, in particular, have a bimodal 
density distribution (Fig 4.8a). The coarsest clasts in the northern and southern areas are 
always moderately to highly vesicular pumice, and these clasts decrease progressively 
in abundance in the finer fractions (Fig 4.8). 
Rn-O 
While the subunit as a whole is easily correlated throughout the dispersal area, as with 
the other fine grained Rotongaio subunits the individual beds which comprise Rn-D are 
more difficult to trace over distances of more than a few kilometres (Figs 4.4-4.7). At 
least three main beds are recognisable in the medial localities but there are cryptic 
internal variations in the primary stratigraphy and even across short distances 
correlation is not always certain. A coarse ash-rich bed at the base of Rn-D in a number 
of sections to the south (Fig 4.5 and 4.6), apparently has no correlative in proximal Rn-
D or medial sections to the east. 
Rn-E 
Although Rn-E is easily defined by well-developed erosional contacts and sharp textural 
contrasts with the units above and below, the details of the internal stratigraphy are 
quite variable across the dispersal area (Figs 4.4-4.7). Figl4.5~ghlights the changes 
downwind in Rn-E along an east-northeast transect, and Fig 4.5 documents downwind 
lateral variation along a southeastern transect. Figs 4.6 and 4.7 highlight the contrasts in 
internal stratigraphy across the dispersal area from north to south. The base of Rn-E is 
defined throughout the medial localities by a well developed gullying interval and 
,locally, the basal bed is bounded by rilling horizons. 
Rn-F 
Compared to the other units, the internal stratigraphy of Rn-F can be confidently 
correlated throughout the medial localities on a em-scale, even across the dispersal axis 
(Fig 4.4 and ). As with the other post-C subunits, however, correlation between the 
proximal sections and the medial stratigraphy is more problematic (Fig 4.4), because of 
the lack of clear marker beds in the proximal stratigraphy. 
Rn-G 
In proximal and inner-medial sections where not eroded by the Taupo ignimbrite, Rn-G 
is a clearly defined subunit, distinctive from Rn-F on the basis of coarser grain size, and 
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from the overlying Taupo plinian pumice because of the dominance of dense juvenile 
clasts. However, because it is a relatively thin bed with restricted dispersal (see section 
4.3.2), recognition of this subunit is difficult in off-axis and distal sections (Fig s 4.4-
4,7). Also, variation in fines-content can complicate distinction of Rn-G in areas where 
the basal fines-rich bed of Taupo plinian is preserved. 
Proximal Lateral Variation 
Fig 4.9 presents detailed stratigraphic logs and selected field photographs for the 
proximal Rotongaio ash. Changes in stratigraphy and the nature of beds are observed in 
the proximal environment between outcrops only a few metres to tens of metres apart. 
These rapid changes in the nature and expression of individual beds over such short 
spaces makes it difficult to not only establish bed-by-bed correlations for the proximal 
deposits, but to accurately determine subunit boundaries and, therefore, make 
correlations with the medial stratigraphy. The presence of the marker bed B 1 enables 
confident identification of subunits Rn-A, -B, and -C in all the proximal sections (Fig 
4.9). However, the paucity of recognisable marker beds in the post Rn-C proximal 
stratigraphy means that most proximal-medial correlations for subunits Rn-O, -E, and -F 
are tentative. Where broad proximal-medial subunit relationships can be established 
(mostly for subunits Rn-A and -B) it is clear that not all beds comprising the proximal 
stratigraphy have lateral correlatives in the medial and distal stratigraphy, and the distal 
stratigraphy does not simply represent a thinned equivalent of all proximal and medial 
beds. 
Scales of Lateral Variation in the Rotongaio Ash 
From consideration of detailed stratigraphic logs it is possible to define a number of 
scales at which the Rotongaio deposit exhibits lateral variation. These are: 
1. Contrasts over the space of a few tens of kilometres between the proximal, medial, 
and distal stratigraphy. These changes downwind are a function of differences in 
the dispersal distances of individual elements of each subunit. 
2. Crosswind changes in stratigraphy and the nature of beds over the space of a few 
kilometres. This lateral variation reflects variations in dispersal directions of 
whole subunits and individual beds within subunits. 
3. In the proximal environment, changes in stratigraphy and the nature of beds over 
distances of a few tens of metres. This lateral variation is probably a function of 
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the importance of localised and variably-directed lateral emplacement 
mechanisms in the proximal environment, and the heterogeneous nature of fall 
accumulation close to source. 
4., Rapid changes within a single outcrop in individual bed thickness and the nature 
of contacts over the space of a few centimetres to metres. A defining and 
spectacular feature of the Rotongaio ash (and the most frustrating to deal with) is 
the variability evident in all medial and distal sections on the scale of a few 
millimetres to centimetres. Individual beds have been measured which exhibit 
thickness changes on the order of 0.5 to 100 times, but variation of between 0.5 
and 2 times is more typical. These effects are a function of the plastic behaviour 
of the wet ash on deposition, and the wide range of depositional angles produced 
by gulling at the close of Hatepe volcanism and intra-Rotongaio ril1ing. 
!\, 
4.3 DISPERSAL PATTERNS AND SUBUNIT VOLUME 
4.3.1 The Rotongaio Problem 
The Rotongaio ash presents a problem for a conventional volcanological investigation 
because of the variety of syn-eruptive processes which have acted to modify, in places 
substantially, the original thickness, structure, and texture of the ash in outcrop. This 
can make it very difficult to quantify those primary features of the ash which are 
essential for interpreting eruption conditions and mechanisms. The extent to which the 
ash has been modified is variable. However, this variation is mostly systematic and can 
be related in varying instances to either conditions at the site of deposition, or to the 
influence of processes occurring at vent in or the plume. Somewhat counter-intuitively, 
the development of some 'secondary' features, then, can contribute to an understanding 
of primary processes. Therefore, to make assumptions about some aspects of eruptive 
conditions and processes, and develop a unifying eruption model, it has been necessary 
to devise a means of assessing, at least qualitatively, the extent, nature and timing of 
these secondary effects. To facilitate this, when logging stratigraphic sections each bed 
identified was evaluated in terms of the degree of primary pyroclastic character and a 
grading between 1 and 5 assigned; 1 for beds whose structure and texture is of primary 
character, and 5 for beds devoid of any original structures and with little depositional 
memory of a pyroclastic origin. 
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For the purposes of isopach mapping, grade values of individual beds have been 
averaged to assign an overall 'primaryness' grade to the subunits Rn-A to Rn-G. For 
each subunit only those localities with an overall grade of 3 or better were used in 
constructing isopach and isopleth maps. A more detailed definition and discussion of 
the significance of the grading is presented in Chapter 5. 
For the purposes of volume calculation and quantifying dispersal parameters, isopach 
and isopleth areas were determined by digitising contours. Appendix 1 Lists thickness 
and clast measurements made for all localities with subunits of primary grade 3 or 
better. Table 4.1 summarises the isopach and volume data for each subunit. Within the 
detailed stratigraphic framework established for the Rotongaio ash, isopachs have been 
constructed for all subunits out to the limits of subunit detection. Due to the 
overwhelmingly fine grained nature of the Rotongaio ash, isopleths are presented only 
for subunit Rn-c' 
4.3.2 Subunit Dispersal 
Rn-A 
Rn-A is strongly dispersed in two lobes to the east-northeast and southeast with 
thickness contours closing around a source area a few kilometres NW of Rotongaio 
Lagoon (Fig 4.10). The form of the isopachs suggest laterally expanded eruption clouds ~. 
1\ 
dispersed by westerly winds, but the bilobate nature of the isopachs requires further 
explanation. The question that arises is whether the two lobes represent restricted 
dispersal of different beds, or bifurcated dispersal of single beds, both controlled or 
influenced by some external factor. Difficulties in correlating stratigraphy from north-
south across the dispersal area sugges~ that individual beds of the Rn-A had restricted 
dispersal. However, this dispersal pattern is a recurring theme for many of the 
Rotongaio subunits and is discussed at the end of this chapter. 
From the new isopach data revised volumes can be calculated for the Rotongaio Ash on 
the basis of individual subunits. Neglecting the proximal sections dominated by 
products of lateral deposition, and using a single line segment on a Pyle diagram (log-
thickness versus the square root of area), a volume of 0.07 km3 and a thickness half-
distance (b t) of 2.9 km were calculated for Rn-A (Fig 4.11). Any difference in volume 
calculation incorporating the proximal data will be small because the break in slope 
between the two segments occurs close to the vent (low A 112 values) and reflects a 
relatively small volume contribution from near-vent phenomena such as surges. 
Fig 4.10 
Thickness distribution for 
Rotongaio ash subunit 
Rn-C. Thickness values 
in millimetres. Black dots 
without thickness values 
record localities where 
subunit is absent or 
cannot be distinguished. 
Numbers around margin 
refer to NZ 1 :50 000 
metric grid. 
g 
'" OJ Rotongaio Ash: 
62850 
. --
....... 
?15 :--. ~--~--- . \ 
/./ ---- \ 
/. + ....... \ 
,......------... .................. 
- ....... 
38
......... \ 750 • 
60· 20~. " 
'3i. . \ \ 12 
....... ~ \ 25 1 
\81J.95. \ 36 .1 
....... ........ 9\ 90' 150' 35-40 / 20 / 
+ 155-190 \. \1100 I 45. / + / / 
lSO\ )106' 5' /35, /15. ~/ 
Rotongaio vent 
+ + *" 
Horomatangi Reefs ~ / 110. k6' /45' / / / 129.- ...... 58 / /. / 
/ 140'./ 56" / /75 • 
/
125'/ • ";;0' L 14;;' 
,.. 35 •• ./ ':<2 • 
/ 
64:- ~5 :jlj;. ./ ./ 
/ .- __ -- ./ 4' 
\\ 180; 1" / }O-..- 18' Jil;1V' 
\ "illj0-,- lap (20-25' 18' / 
6\.' ?9ii-- 100.,~7l[ +60 \ 30\ 12. I + 
\ 7flll'-1~0.·. 7cr'.2~,;l3 'Ie.15· 5· 
\ 55' 60 ' 60. 65 . ) 45' \ \ 6 . 
'" ];0: .' 3, 
\ \ 45·50' 60.60;70/ \ \ 
• \. 74tl.,. -:-- - ~ -<so 18 " 
3· '. 730 ........ __ ao· 30. 21J.,n L .' \ ,;~.315· .:-- _ -.:....._ ~ ..::- __ ~ 20-28 2-n 
. ....... ?1S:20 20 20' 15·20. J' 
?5 ~ -..... "'- 710" ~ 20·. 25 4 __ 19'./ 
16' ~10· 5· 11"'- __________ ....-
79' 72' 10' 
?4· f. 3. 6 • 
75 • 
Subunit Rn-A Thickness 
8' 
2 • 
8 
10 
72 • 
77 • 
7 • 
7 ' 
Scale 
10 
Kilometres 
Grid is metric 1:50 000 NZMap Series 260 
62850 
62750 
62650 
62550 
62450 
20 
... 
U1 
U1 
and Volume 156 
A 10000 Subunit Dispersal 
0 Rn-A ::JJ 
::::I 
I <> Rn-B » 
+ 
1000 m • Rn-C 
x Rn-D 
-
+ Rn-E E 
E A Rn-F 
-rn Rn-G rn 
IV 100 c 
• Rn-D+E+F .!II:: (.) 
.s::. • Rn-A+B ~ 
10 
1 
o 10 20 30 40 1/2 50 60 70 80 
B Isopach Area (km) 
1000 
Rotongaio Ash Maximum Clast 
Dispersal I" del( km~ 
0 
5 50 50000 
E SURTSEYAN 
Il 
e 1 -
_100 0 ~ z E ..: 
E 0: ::J cD 2 -g 0 
-
c: ::; 
IV 01 0 
.~ iii II: is I-
m ,.!. 
3 _ U) 
'0 
'iij 
:.t: 
as 4 
'" ~ 
(.l 
Sheet·llke 
0 0.1 10 100 
10 
Clast half-distance (bc) = 6.5 km 
o 20 30 112 40 
Isopleth Area (km) 
50 60 10 
Fig 4.11 
A) Log thickness versus the square root of isopach area for each Rotongaio ash subunit B) Log clast size 
versus square root of isopleth area for maximum clasts from subunit Rn-C. Inset- Pyle (1989) classification 
scheme based on thickness half-distance and the clast and thickness hall-distances ratio. Straight line 
approximations for calculating volume determined by computer fitting of exponential curves. 
Chapter 4 Nature. Dispersal and Volume of the Rotongaio Ash 157 
Rn-8 
Thickness contours are presented for the basal coarse layer of Rn-B (B 1), for the rest of 
the subunit (B2) and for total Rn-B (Fig 4.12) Isopachs for B 1 (Fig 4.12a) confinn the 
restricted dispersal for this subunit implied by stratigraphic relationships, with a single 
dispersal axis to the east. In contrast, B2 and total Rn-B isopachs (Fig 4.12b, c) clearly 
show a similar bilobate pattern to Rn-A, with dispersal axes to the east-northeast and 
southeast (curving east). Isopachs for combined thicknesses of subunits Rn-A and Rn-B 
(Fig 4.13) further emphasise the bilobate dispersal geometry. All isopachs for Rn-B 
indicate a source area several kilometres northeast of Horomatangi Reefs, in agreement 
with that determined from Rn-A isopachs. 
The isopach area data for total Rn-B (B 1 +B2) plot as a single line on a Pyle diagram 
and yield a volume of 0.16 km3 and b t of 3.8 km (Fig 4.11). For B 1 alone a volume of 
0.05 km3 was calculated. 
Rn-C 
,Thickness distribution for subunit Rn-C differs markedly from all the other subunits of 
the Rotongaio ash and with all other fall phases of the Taupo eruptiort~~This unique 
dispersal pattern provides a useful constraint on vent location for Rotongaio volcanism. 
Rn-C thickness contours (Fig 4.14) define three main dispersal axes; well-defined 
dispersal both north and south of the vent with axes which appear to curve distally to 
the east, and a third broad lobe directed east of the vent 
The relatively coarse character of Rn-C enabled measurement of maximum clast sizes 
and their distribution. The data highlight the strong north-south dispersal component for 
Rn-C and confidently confines the source vent to 4-5 km northeast of Horomatangi 
Reefs (Fig 4.15). 
A volume of 0.04 km3 was calculated from a single line segment on a Pyle diagram, 
corresponding to a bt value of 5.0 km (Fig 4.11). Clast size data yield a be value (clasts 
size half-distance) of 6.5 km (Fig 4.11b). Using the bl versus bJbr ratio classification 
scheme of Pyle (1989), Rn-C plots in the Plinian field with an implied eruption column 
height of approximately 28 km (Fig 4.11b). Using the Carey and Sparks (1986) model 
gives a column height estimate of between 25 and 28 km and a wind speed between 10 
and 20 m/s. 
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Fig 4.12C 
Thickness distribution for 
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Thickness values in 
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Thickness distribution for 
Rotongaio ash subunit 
Rn-C. Thickness values 
in millimetres. Black dots 
without thickness values 
record localities where 
subunit is absent or 
cannot be distinguished. 
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refer to NZ 1 :50 000 
metric grid. 
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Rn-O 
Isopachs of subunit Rn-D define a very weak bilobate distribution of ash about a vent 
area northeast of Horomatangi Reefs, with a principal dispersal axis to the east-
northeast and a poorly expressed axis to the southeast (Fig 4.16). A minimum volume of 
0.13 km3 and b t of 4.0 km were calculated from a straight line on a Pyle diagram (Fig 
4.11). 
Rn-E 
Isopachs for subunit Rn-E form a broadly circular dispersal pattern (Fig 4.17) with no 
single, strongly-defined dispersal axis and, therefore, no unequivocal means of 
determining source area accurately. This broadly circular pattern is probably an artefact 
of contouring the multiple beds of Rn-E which comprise a wide range of dispersal 
parameters. However, similar to subunits Rn-A and Rn-B, there is a weakly developed 
axis to the southeast suggesting preferential dispersal of some elements of the 
stratigraphy in this direction. 
Isopachs for whole subunit Rn-E plot as a single straight line on a Pyle diagram with a 
bl value of 4.7 km, and yield a volume for Rn-E of 0.27 km
3 (Fig 4.11). 
Rn-F 
Isopachs define a broadly circular dispersal pattern for subunit Rn-F (Fig 4.18), closing 
around a source vent northeast of Horomatangi Reefs. Medial isopach areas yield a 
volume of 0.11 km3, calculated from a single straight line with a b t of 3.3 km (Fig 4.11). 
For comparison, combined thicknesses for subunits Rn-D+E+F were also contoured 
(Fig 4.19) and define a very broad, nearly circular dispersal pattern. These contours 
represent a composite of a number of different dispersal patterns and consequently no 
clearly defined dispersal axis is expressed. 
Rn-G 
In stark contrast to the other much finer grained subunits, isopachs of Rn-G show a 
strong elongate, narrowly confined, thickness contour pattern (Fig 4.20) which is typical 
of drier eruption styles at Taupo and elsewhere. The isopach area data plot as a single 
straight line segment on a Pyle diagram (Fig 4.11; the most proximal isopach is not 
Fig 4.16 
Thickness distribution for 
Rotongaio ash subunit 
Rn-D. Thickness values 
in millimetres. Black dots 
without thickness values 
record localities where 
subunit is absent or 
cannot be distinguished. 
Numbers around margin 
refer to NZ 1 :50 000 
metric grid. 
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Thickness distribution for 
Rotongaio ash subunit Rn-
F. Thickness values in 
millimetres. Black dots 
without values record 
localities where subunit is 
absent or cannot be 
distinguished. Numbers 
around margin refer to NZ 
1 :50 000 metric grid. 
----
710 • 
720 • • 
.------
.,...".. 130· 725-72;-=- '""' ........ 15. 
..... 
..... , 20', 
27' '\. 
25~ • '\... 
25 
\ 
13 • 
20 • 
4Il;"" 
,,51-0'. \.an \~ 1'· 
...... " \ \ 2" \ 25 ~ >140 • \ '50 , \. \ 
200, 1001 ~5: \2)' 1 71'0 
130-155 105 /,00. I.~ . I 1 
• I _·90 I 40 15. I 10' I HIS"- • -60 14 • 
I 138' I 5'..is I 230--295 155 • I -17-20 .'~ 
.110. • • 17~",,"'}' • l' I I 
"" 210 nS-250 190-105 
• ~o·. >1~ +lBO/ ~oo ·100. • + I 25. I \~!~ ~oo 100 /7:3 ::"l~o·: •• as.120· 75-90· ./ )4; 30· .11 
",9,2- -110 .-/ / 
•• \ .:.15 _.~._.~. 
• -.. ~. 45. 35-50/-45 / 
• • \-120 ••• ;4:1 • 65- >4~";" ./ >20. / 
• ". • ~_~._~~ •• 45" / 
• • ............... >34 15-20 __ / 
.-- -.... --- ---
Horomatangi Reefs D 
--- 715 • 
Subunit Rn-F Thickness 
Rotongaio Ash 
m.'\. 
". 
'\. 
'\. 
10 • 
\ 
\ 
\ , 
,10 
t 
I 
I 
J 
I 
I 
4 • 
" . 
" . 
. . 
Scale 
o 10 20 C=====~""~Ki~lo~m=.w==s===="""· 
Grid is mollie 1;50 000 NZMap Series 260 
..... 
eft 
..... 
Fig 4.19 
Thickness distribution for 
Rotongaio ash subunits Rn-
D+E+F. Thickness values in 
millimetres. Black dots without 
values record localities where 
subunit is absent or cannot be 
distinguished. Numbers around 
margin refer to NZ 1 :50 000 
metric grid. 
",. 
..60 
--""""so-.--...-... 
----
----n' 
70 • 
110 • 
-- --100-125· -... -... 
-. 
....... 
>167 • 
~----.... 
>39!l • ........ 370. 
~. 230' 
_ Rotongaio v~nt 
:-740_ ~op 
--
--
" \ 
--
--
\ 
110 • 
... 
\ 
'.1<>5 
'125 
I 
Rotongaio Ash 
--
-. 
765 • 
... 
....... 
. ....... 
05-100 
\ 
\ 
20 • 
" . , 
, 
, ". 
150 
I 
"/ 
27 • 
19 • 
, .. 
-
. 
>100 
1'~5 I ~o I 
lIS' I 
Horomatangi Reefs D, I 
105 -I 
>785 -
so· 
Subunits D+E+F Thickness 
/ 
1>35 • 
I 
r' . 
501 
/ 
/ 
/ 
I 
I 
J 
J 
J 
/ 
<0' 
o 
" . 
10 • 
Scale 
10 
Kilometres 
Grid is metric 1:SO 000 NZMap Series 260 
20 
::0 
2-
0 
::::l 
co 
'" 0" 
>-C/O 
=-
z 
ei 
s; 
_co 
CJ 
<p" 
", 
CD 
~ 
'" ::::l 0.. 
<:: 
0 
c:: 
3 
CD 
...... 
CI) 
Q:I 
Fi!;J 4.20 
Thickness distribution for 
Rotongaio ash subunit Rn-
G. Thickness values in 
millimetres. Black dots 
without values record 
localities where subunit is 
absent or cannot be 
distinguished. Numbers 
around margin refer to NZ 
1 :50 000 metric grid. 
Rotongaio Ash 
15· 
,b· 
" . 
'. " 
abe _-----------
• 4 • 3:-- __ - ~ 1~ 11 • 
-- . 
-- -~-;-""" 
--------- " --- 1S - ___ -- __ -20 "-
_ ---.__ - - 40 • "'\ 25-00 • '12. 
- - 40 t 25' 20 j 
/ ~ 71/' 
fi'~' ./ 
Rotongaio vent *' 
Horomatangi Reefs D 22 .ro. ;',.25 / 
-....i:15. 35 • ___ ;' 20-. _1. 
- - - "'35.... 10 • 1P 
. '. 
... 
:- - - - __ ~ ~_:~ _.L- ....... ~ 
-.... . ~ 
... 
. . 
. 
. . 
. . 
... 10 -
---
. . 
.. 
~-
12' 
15' 
-
-
-
---
--
,," 
10. 
9· .............. 
.-
.-
Scale 
10 
;' 
Kilometres 
....... 
"-10 \ 
/' 
;' 
I 
/ 
/ 
Subunit Rn-G Thickness Grid is metric 1 :50000 NZMap Series 260 
20 
Chapter 4 Nature, Dispersal and Volume of the Rotongaio Ash 170 
considered in calculation of tephra volume because of the small number of proximal 
localities), and yield a volume of 0.02 km3 (b t =4.4 km). 
4.3.3 Dispersa I Patterns a nd Eruptive Style 
Rotongaio Ash Dispersal Patterns 
A critical aspect of this study is the recognition, through mapping of individual 
subunits, that during Hatepe and Rotongaio volcanism there were significant variations 
in dispersal patterns and parameters with time. 
Four general dispersal geometries are displayed by Rotongaio subunits; broadly bilobate 
(Rn-A, Rn-B, Rn-D (weak), Rn-E, Rn-A+B), broadly concentric (Rn-F and combined 
D+E+F), broadly elliptical (Rn-G), and for Rn-C a unique tri-Iobate geometry. The 
bilobate dispersal pattern is a recurring theme for almost all the ash-rich subunits, and is 
even suggested in previous whole units isopachs for the Rotongaio ash. The origin of 
this pattern hinges on the exact nature of the area between the two lobes and whether: 
1. all the beds were originally deposited in this region but local conditions made 
freshly accumulated ash susceptible to erosion and remobilisation in this area, or 
2. all the ash intervals are represented but thinned between the two lobes, or 
3. some beds have been dispersed along different axes and the stratigraphy of each 
lobe is quite different. 
Given the nature of the Rotongaio ash the first scenario seems intuitively the simplest 
explanation. However, most sections in the area between the two lobes are dominantly 
primary and there is little evidence for syn- or post-depositional modification in any of 
the subunits. While it is not possible to correlate every individual bed with certainty, 
contrasts in stratigraphy between and across the main dispersal lobes support a scenario 
involving a combination of variations in dispersal directions of different beds, and to a 
lesser extent, bilobate dispersal to the east-northeast and southeast of individual beds. 
What, then, of the likely reason for this consistent dispersal geometry for most of the 
ash-rich subunits? The simplest explanation is periodic wind shifts, with changes in 
direction between the southwest and north controlling variations in dispersal of 
individual beds. Two important points suggest a more complex explanation is 
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necessary. First, there is an apparent relationship between dispersal pattern and eruptive 
style, with the secondary lobe developed best in the ash-rich wetter subunits. Second, 
the subsidiary southern lobe often defines a dispersal axis which curves distally to the 
east implying some progressive change with distance. This might suggest there were 
variations in wind direction at different levels through the atmosphere; at low levels the 
wind direction was periodically from the north to northwest, and at higher tropospheric 
levels wind was dominantly from the west and southwest. 
An intriguing relationship emerges from examination of the topography across the 
dispersal area and how it compares to subunit thickness distribution patterns (Fig 4.21). 
Interestingly, the inter-axial area of the bilobate dispersal pattern corresponds to a 
region downwind of topographic barriers which might indicate that the high northwest-
aligned ridges in the area of Ouaha hills and further southeast had some influence on 
ash dispersal. This apparent topographic control may confirm the suspicion that the wet 
plumes of large-scale phreatomagmatic eruptions are dispersed in some cases at very 
low atmospheric levels, perhaps as a kind of volcanogenic fog of ash extending from 
several kilometres high to close to ground level. 
The broad near-concentric isopachs for combined subunits Rn-D+E+F is probably 
attributable to the smoothing effect of combining subunits made up of multiple beds all 
with subtly variable dispersal parameters. The concentric isopachs for Rn-F, however, 
can probably be taken as representing a close approximation to a real plume geometry. 
This is because Rn-F consists of only a few beds which are little affected by secondary 
influences. The contrast with the bilobate dispersal of all other ash-rich subunits is 
interpreted as the product of relatively high (stratospheric) plumes, unaffected by lower 
level winds. 
The relatively narrow, elliptical dispersal of Rn -G is typical of dispersal from high 
(stratospheric) relatively dry plumes. Thickness half-distance for Rn-G is most similar 
to the coarsest subunit Rn-C. However, the tri-lobate dispersal geometry exhibited by 
Rn-C is unique and suggests an atypical eruptive mechanism perhaps involving a 
combination of directed blasts and a high plume. There is a clear association between 
dispersal pattern and complex variations in Rn-C stratigraphy, grain size and 
componentry. The northern and southern lobes are distinctively coarser and the largest 
clasts are more highly vesicular than those found in the eastern lobe. The stratigraphy 
within the eastern lobe comprises a simple bipartite division into basal fines-rich half 
and upper fines-free half. These relationships may suggest the northern and southern 
axes are related to directed blasts, and the eastern lobe was deposited from a higher (~ 
30 km), wind-dispersed plume. 
Fig 4.21 
Map showing thickness contours 
for subunit Rn·A in the area 
immediately east of Lake Taupo, 
superimposed over 100 m interval 
topographic contours. Note the area 
between the two dispersal lobes 
corresponds to an area where 
physiography changes from (in the 
south), steep NW-SE-aligned 
ridges and valleys, to (in the north) 
a broader more gently dipping, high 
plateau region. 
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Dispersal Parameters and Eruptive Style 
Rotongaio ash and Hatepe ash subunit thickness distance-decay (Fig 4.22a) and clast 
size distance-decay (Fig 4.22b) parameters have been plotted for comparison with each 
other and other deposits of similar magnitude. 
Patterns of thickness distance-decay for the Hatepe and Rotongaio ashes are overall 
comparable. Contrasts between Hatepe and Rotongaio subunit bt values and the 
Puketarata trend must reflect differences in eruptive mechanisms and style of plume 
development, dispersal and deposition (Fig 4.22a). Mount St Helens (MSH) (May 18, 
1980 ash fall), is plotted because of a deposit volume comparable to both the Rotongaio 
and Hatepe ash units. Proximally, the MSH bt value is similar to those of Hatepe and 
Rotongaio subunits. Distally, however, MSH decay rate is substantially shallower and 
this must reflect some change in the style of ash dispersal and deposition compared to 
both the Hatepe and Rotongaio units. 
The mass of selected isopach intervals has been calculated for all subunits and, from 
this, changes in mass per unit area with distance can be plotted (Fig 4.23). There is a 
significant contrast between the shallow mass distance-decay of the coarse, 'drier' 
subunit Rn-G and the steeper trends of the 'wet' ash rich subunits, but the relationship 
does not hold for the 'drier' Rn-C. 
/~ -'1 
A clearer picture of differences between subunits emerges when plotting thickness half-
distance against the crosswind range (perpendicular to dispersal) of a selected isopach 
(in this case the 50 mm contour) (Fig 4.24). The crosswind range provides a measure of 
dispersal geometry which is complimentary to thickness half-distance. In this plot a 
clear relationship is expressed between subunit character (and eruptive and depositional 
style) and dispersal parameters. 
However, it is important to point out that the thickness distance-decay trends of all 
Rotongaio subunits (except Rn-C and Rn-G) must be composite trends which mask the 
true complexity of dispersal during Rotongaio volcanism (Fig 4.25). Changes in the 
internal stratigraphy of subunits downwind (see section 4.2) demonstrate that subunits 
are not simply thinned equivalents of more proximal stratigraphy in which all beds are 
represented out to the limit of dispersal. Rather, Rotongaio subunits comprise multiple 
beds with a wide range of thinning rates, with many beds in the proximal stratigraphy of 
almost very restricted dispersal and not at all represented in the distal or even medial 
stratigraphy. 
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Fig 4.22 
Pyle diagrams comparing (A) thickness distance-decay and (B) clast size distance-decay of Hatepe and 
Rotongaio ash subunits and other selected deposits. * Mount St Helens May 18 and Taupo plinian values 
from Fierstein and Nathenson (1992), Puketarata data from Brooker et al. 1993. Hatepe and Rotongaio ash 
whole unit plots calculated by digitising isopachs presented in Walker (1981b). 
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Fig 4.23 
Plot of mass per unit area versus distance for all the Rotongaio subunits. Mass values determined from 
a calculated dry density for the ash-rich subunits of 1600 kg'm"3, and an assumed density of 900 kglm"3 
for the fines-poor subunits (Rn-C and Rn-G). 
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Fig 4.24 
Plot of bt versus crosswind range of the 50 mm thickness contour (as a measure of dispersal geometry) 
for all Hatepe ash and Rotongaio ash subunits, showing the relationship with eruptive style. 
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Fig 4.25 
Conceptual diagram of the probable numerous and varied thinning rates that are represented by the multiple 
beds within the ash-rich subunits of the Rotongaio ash. 
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4.3.4 Total Rotongaio Volume Estimates 
Previous estimates of total Rotongaio tephra volume are listed in Table 4.2 for 
comparison with the new calculation from this study. Summing the estimates for each 
of the Rotongaio subunits yields a new deposit volume of 0.8 km3, which is 
significantly different from all previous iterations. As noted with the Hatepe ash 
(chapter 2), variations between estimates are a function of both the method of isopach 
construction (whole unit versus lithostratigraphy based), and the mathematical 
derivation employed to interpret isopach areas. 
For all the previous estimates, volume calculations have been based on whole-unit 
isopachs contructed without the benefit of any mapped internal stratigraphy. The 
previously accepted volume of 1.3 km3 was calculated using log thickness versus log 
area plots. As outlined in chapter 2, Fierstein and N athens on (1992) consider log-
thickness versus the square root of isopach area (the Pyle method) the most rigorous 
method for deriving volume from isopach data. To enable meaningful comparison of 
I 
volume estimates, Walker's /whole unit Rotongaio isopachs were digitised and 
r-, 
recalculated using the Pyl1Jllethod. Interestingly, the Walker whole unit isopachs plot 
as two straight line segments (Fig 4.22) (in contrast to the single line estimations for all 
the subunits) and yield an identical rounded volume estimate of 0.8 km3 for the 
Rotongaio ash. Given the results from the Hatepe ash (see chapter 2), the similarity of 
the Rotongaio subunit and whole unit based estimates is unexpected. The distal change 
in thickness decay indicated by the whole unit isopachs probably compensates for the 
proximal volume not accounted for due to variable erosion and changes in dispersal 
parameters. 
Table 4.2 
Comparison of previous estimates of Rotongaio whole-unit ash volume (in km3 ), with new volume from this 
study, derived by calculation of individual subunit volumes. 
'rhis Study 0.6 
j~~.~!!.~.i.~~ .. ~~.~ .. ~.y.!~ .. T..~~~9.9.L. ....................... ~~~~ .. =.1:.g.~.~.1.~~~ .. ~~ ............ .. 
Froggatt (1981) 2 
(trapezoidal rule) 
Walker (1981 b) 1.3 
(log thickness-log area) 
(square root of isopach area) 0.8 
Froggatt and Lowe (1990) 1 
Wilson (1993) 1.1 
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4.4. VENT CONFIGURATION 
4.4.1 Rotongaio Vent Position 
The new isopach and isopleth maps of individual Rotongaio subunits indicate a 
previously unrecognised source area for phase 4 of the Taupo eruption several 
kilometres northeast of Horomatangi Reefs (Smith and Houghton 1995a). The narrow 
crosswind range of the coarsest subunits Rn -C and Rn-G provide the greatest constraint 
on vent location, but data from all of the subunits, despite the paucity of proximal 
localities@nvincing and poin!j,~1:o a source for Rotongaio volcanism separate from ---
those determined for other phases of the Taupo eruption. 
4.4.2 Implications for the Taupo Vent System 
A single vent configuration for the Taupo eruption has always left unresolved the abrupt 
shifts in eruption style between phases. In particular from eruption of vesiculating 
magma in phases 1, 2 and 3, to discharge of degassed magma in phase 4, and the rapid 
shift back to actively vesiculating magma in phase 5. Thickness distribution mapping of 
subunit stratigraphy in both the Hatepe and Rotongaio ashes has been fundamental in 
reassessment of the Taupo eruption vent configuration. However, a number of other 
important lines of evidence have emerged from this study and other recent work, which 
corroborate a multiple vent configuration and improve the understanding of the nature 
and timing of these phase changes during the Taupo eruption. The lines of evidence are: 
1. the recognition of the variable nature of the Hatepe-Rotongaio contact across the 
dispersal area, from gullied near-vent to planar and locally interbedded distally, 
2. the degassed nature of Rotongaio ash juvenile clasts (Dunbar and Kyle 1992), and 
3. the identical juvenile clast trace element chemistry for all phases of the eruption 
(Dunbar and Kyle 1992; Sutton et al. 1995). 
The first attests to a short period of overlapping activity from separate vents during the 
closing stages of eruption of unit 3 and the initial stages of unit 4 volcanism. The second 
indicates that the dense nature of Rotongaio juvenile clasts is due to eruption of magma 
past the peak of vesiculation, not deep quenching of weakly vesiculating magma. The 
third shows there can have been no pre-existing volatile gradient in the Taupo magma 
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system. The Rotongaio magma, then, must have been passively degassing prior to and 
during earlier phases of the Taupo eruption, and resided at shallow levels in a separate, 
initially blind conduit that restricted magma rise, but not gas release. 
4.5 CHAPTER SUMMARY 
The main emphasis of this chapter has been on describing the general nature of the 
Rotongaio ash internal stratigraphy, to determine eruptive source and subunit volumes, 
and to establish the framework necessary for evaluating in more detail eruptive 
mechanisms and controls on depositional processes in chapter 5. The most important 
issues and conclusions to emerge from this chapter are: 
1. That the Rotongaio ash is a very fine grained, widely dispersed unit which 
consists of multiple beds with a range of dispersal characteristics. These multiple 
beds are the result of numerous separate explosive events at source and not the 
product of a simple, sustained discharge. Consequently, whole-deposit mapping 
and analysis is inadequate for quantifying the nature, timing and dynamics of 
Rotongaio volcanism. 
2. Detailed analysis and mapping of the internal Rotongaio stratigraphy has enabled 
resolution of a number of distinctive subunits, and highlighted the presence of 
multiple beds with a diverse range of previously undocumented structural and 
textural features (lithofacies). These various lithofacies are important as they 
provide a means of assessing the nature of Rotongaio eruptive and depositional 
processes in time and space. 
3. Mapping of thickness distribution for individual subunits (and maximum clast size 
distribution for Rn-C) has had three main benefits; 1) it has enabled for the first 
time quantification of multiple Rotongaio plume dispersal parameters, and allows 
important distance-decay parameter comparisons with other deposits, 2) it has 
identified a new source vent for Rotongaio volcanism a few kilometres NW of 
Horomatangi Reefs, and highlighted contrasts in style of dispersal which can be 
related to different eruptive mechanisms and plume characteristics, and 3) it has 
allowed for a more rigorous estimate of whole-deposit volume which takes 
account of internal variations due to changes in eruptive style and depositional 
processes. 
5 
Rotongaio Ash Eruptive Mechanisms 
and Depositional Processes 
5.1 INTRODUCTION 
5.1.1 Chapter Philosophy 
The Hatepe ash and Rotongaio ash are both cited as type examples of phreatoplinian 
volcanism (Self and Sparks 1978). Implicit in this classification is an eruption 
mechanism involving violent and sustained interaction between actively vesiculating 
silicic magma and abundant water. Field and laboratory data presented in chapters 2, 3, 
and 4 have shown that only the Hatepe ash fulfils the criteria for this definition. A 
principal aim of this thesis is to contrast the Hatepe ash, a typical phreatoplinian 
product, with the Rotongaio ash, a widespread phreatomagmatic unit that lacks many of 
the original defining criteria for phreatoplinian deposits. The main features of the 
Rotongaio ash, as established in the previous chapter, are: 
1. its overall wide, but extremely variable, dispersal, 
2. its exceedingly fine grain size, with close to 100 wt.% of the deposit finer than 1 
mm, even in the most proximal exposures, 
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3. its very finely laminated character, especially in proximal sections, and the 
difficulty of correlating individual beds over relatively short distances, 
4. the incredible complexity of primary and secondary depositional relationships at 
outcrop scale, and 
5. the extremely low wall rock content, and predominance of dense juvenile clasts. 
To enable comparison of the Rotongaio ash with other phreatoplinian deposits, this 
chapter further characterises the Rotongaio ash with a detailed account and 
interpretation of primary and secondary depositional facies, and assessment of the main 
controls on eruptive mechanisms. 
As with the Hatepe ash, specific themes to be addressed in the facies analysis of the 
Rotongaio ash are; 
1. the extent to which deposit characteristics are established on fragmentation, in the 
plume, and at the site of deposition, 
2. how uniform eruptive mechanisms were with time, and 
3. how uniform the depositional processes were spatially and temporally. 
5.1.2 Chapter Structure 
This chapter is divided into four main sections. The first describes the products (at a 
facies level) of primary processes, the second the deposits of a wide variety of 
secondary processes, the third examines the spatial and temporal relationships between 
primary and secondary deposition in the Rotongaio ash, and interpretation and 
discussion of Rotongaio depositional processes .and eruptive mechanisms are presented 
in the fourth section. It has been intended that chapters 2 and 3 (Hatepe ash) and 
chapters 4 and 5 (Rotongaio ash) can exist as stand-alone documents for each unit and, 
as a consequence, there are elements in common in the interpretation and discussion 
sections of chapter 3 and this chapter. 
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5.2 PRIMARY PRODUCTS 
On a macroscopic scale the Rotongaio ash appears texturally uniform and, except for 
the thin middle and upper coarse beds (Rn-C and Rn-G), grain size does not seem to 
vary much through the entire unit. However, in this study detailed sampling, lamination 
by lamination, has revealed previously unrecognised diversity in grain size properties 
both temporally and spatially (Fig 5.1), as well as a variety of ash aggregation textures 
and bedding structures. Five primary facies groupings have been devised on the basis of 
characteristic grain size and bedding properties (summarised in Table 5.1) which relate 
to five distinctive modes of transport and emplacement. These are: 
1. Coarse Fall Facies - rare beds dominated by lapilli and coarse ash clasts and in 
which most of the clast population may be inferred to have been transported and 
deposited (in the proximal and medial environments) as discrete particles, with 
aggregation important more distally. 
2. Ash Aggregate Facies - dominant beds within the Rotongaio ash consisting of fine 
to very fine ash in which most particles of the plume assemblage were transported 
and deposited as part of aggregates. 
3. Mixed Coarse Ash and Aggregate Fall Facies - strongly bimodal beds with 
mixtures of coarse-medium ash, and very fine ash, transported and deposited by a 
combination of discrete coarse particle fall and fine particle aggregation. 
4. Proximal Laterally Emplaced Facies - cross-stratified intervals in the proximal 
environment emplaced laterally or by a combination of lateral and vertical 
emplacement modes. 
5. Medial Laterally Emplaced Facies - cryptic cross-stratified intervals in the medial 
environment inferred to be the product of primary hybrid deposition processes 
involving a lateral component of velocity 
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Fig 5.1 
Plots showing (A) median diameter versus sorting, and (8) F2 (wt% material finer than 63 11m) versus F3 (wt% 
material finer than11 11m) for all Rotongaio ash samples {inset shows wt% material finer than 1 mm (Walker's I 
Fragmentation value) versus F2 for comparison). Note the wide range of grain size properties within and ! \ 
between depositional environments. \ 
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Table 5.1 
Summary of occurrence, character and eruptive and depositional interpretation for primary depositional 
facies of the Rotongaio ash. 
Discrete Fall Facies 
Coarse Fall C, G Well-sorted coarse ash and lapini Relatively dry, discrete 
beds, variably fines-bearing, particle fall 
generally lithic-poor, poorly-
...................................................................................... T.9.~~r.~~.~!y. .. ~~.~!9:..i~.Y.~.~!!~.9.1.~~.!~ ....................................................................... .. 
Ash Aggregate Facies 
Matrix-
supported mud 
lumps 
Clast-supported 
mud lumps 
Vesicular Ash 
(partially 
coalesced mud 
lumps) 
Mud lump 
agglutinate 
Mud lump-free 
fine ash 
A, B2,D,E 
Proximal, A, B 0 
Proximal-Distal A, 
B,D-F 
Prox-Medial A, B, 
D,E 
B2, E2, F 
Mixed Coarse and Fine Fall 
Coarse ash and Prox -medial B1, 
mud lump fall Prox-medial E 
Typically massive f.-v.f. ash with 
scattered 1-3 mm spherical mud 
lumps 
Beds of spherical mud lumps 1-3 
mm with open interstices 
Beds of mass.-weakly planar-
bedded, soft, f.-v.f. ash with mm-
sized vermiform open spaces 
revealing remnant mud lump 
forms 
Hard, compact, typically blue-grey 
f.-v.f. ash which usually grades 
upward and downward into 
partially-coalesced mud lump 
facies 
Relatively well-sorted fine ash. 
Occurs as partings and as discrete 
beds 
Simultaneous fallout of soft 
dry aggregates and wetter 
dense mud lumps 
Accumulation of dense mud 
lumps 
Coalescence of wet, soft mud 
lumps during accumulation 
Agglutinate of very wet, or 
rapidly accumulated, mud 
lumps and mud rain 
Relatively dry fall of loosely· 
bound ash aggregates. 
Poorly-sorted, dense juvenile Mixed fall of discrete coarse 
coarse ash to fine lapilli in very clasts and fine particle 
fine ash matrix aggregates 
... u ........ u •••••• u ........ uuu •••• uu .. nuu ....... uuuu ..... uuuu ..... u ............ u .. unuh ............ UUHUUU ••••••• -nn" ••• unu.;.nn ................. , ••••••••• Hunn ..... u ................... u .. 
Proximal Cross-Stratified Facies 
Lenticular· 
bedded 
Fines-rich 
Fines-poor 
Wavy Partings 
Proximal E, F 
Proximal A, B, D-F 
Prox. A, B, 0, E 
rare A, B, D-F 
f.-v. f. ash with lenses and 
laterally-discontinuous clast 
partings of fines-free fine-medium 
ash 
f.-v.f. ash, cross-stratification on 
mm-cm scale 
fines-poor m. ash, low angle 
cross-stratification. 
Thin intervals of cross-strat. single 
clast partings of medium ash 
within otherwise massive mud 
lump textured fall beds 
rapid pulses of unsteady 
density currents 
Wetter surge 
Drier surge 
Low level wind or surge 
runout modification of fall 
beds 
......... uu' •• u.u .... u~ ............ u •••• uu ••••• u ••••••• uu •••••••••••• u ••••••••• nnuu ••• nuu ................ uUnUn •• Huu~U ...................... un •• un •••••• nu ............................ n.~U ••• u 
Medial Cross-Stratified Facies 
Imbricate- B, 0, E 
bedded very 
fine ash 
Fines·depleted Rare - B, 0, E 
medium ash 
Depression- F 
confined cross-
strat. ash 
Imbricated lenses and wedges of 
clay-grade ash with single clast 
partings of medium ash 
?Plume whirlwinds or 
downbursts 
fines-depleted lateral correlative of As above 
imbricate beds 
cross-laminated segregated 
medium ash and very fine ash 
Surge run out, and reworking 
by low-level winds 
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5.2.1 Coarse Fall Facies 
Character and distribution 
Lapilli and coarse ash beds are a volcanologically significant but volumetrically minor 
component of the dominantly very fine grained Rotongaio ash. Subunits Rn-C and Rn-
G are the sole representatives of this facies which in most occurrences resemble1 plinian 
beds on the basis of grain size and bedding. These intervals are important because they 
represent periods during which eruptive mechanisms and depositional processes were 
significantly different to/those operating during all other stages of Rotongaio volcanism. 
As with the coarse fall facies of Hatepe ash, two facies variants are recognised on the 
basis of a minor, variable fines mode. Fines-poor coarse fall comprises all of proximal 
Rn-C, the upper half of Rn-C in medial to distal areas (of both the N-S and eastern 
dispersal axes), and Rn-G (see Figs 4.4b and 4.8b). Fines-bearing coarse fall is 
represented by the lower half of medial to distal Rn-C along the eastern dispersal axis, 
and distal Rn-C along the southern axis. In the fines-bearing facies, remnant mud lumps 
and other aggregate textures are preserved locally. The coarse popUlation of the fines-
poor and fines-bearing facies of Rn-C are very similar in terms of grain size and clast 
componentry. The non-cohesive nature of this bed type means that in areas with marked 
pre-existing relief there are considerable thickness variations over short distances with 
grains having rolled off highs and accumulated in channels and lows. 
Granulometry 
Samples reveal the coarse fall facies to be not only the coarsest but also the most poorly 
sorted beds of all the Rotongaio ash facies, as well as the facies group with the widest 
range of grain size properties (Fig 5.2). Proximal Rn-C and Rn-G beds are the most well 
sorted, falling well within Walker'sjplinian fall field. In comparison, samples of Rn-C 
from the N-S dispersal axes are very poorly sorted and mostly plot well outside the 
W alker/ fall field, but have similar properties to the Hatepe ash coarse fall facies. The 
...-
fines mode of Rn-C along the N-S axes is distinctive (Fig 5.2b, c) and suggests that this 
component is a key to understanding the contrasts in stratigraphy and dispersal between 
the proximal environment and along the three Rn-C dispersal axes. 
Particle size distributions of coarse fall facies samples demonstrate the contrast in the 
nature of the fines-bearing and fines-poor variants, but also highlight some common 
patterns of grain size evolution. Correlative samples from along the main dispersal axes 
show the dominance of the coarse mode and the steepening and progressive shift of this 
mode to finer sizes with distance from source for both the fines-poor (Fig 5.3) and 
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(A) Median diameter (Md0) versus sorting (a0) for Coarse Fall facies of the Rotongaio ash. Fragmentation 
values (F) of Coarse Fall facies samples, (B) F1 (wt% less than 1 mm) versus F2 (wt% less than 63 fJ.m(, (C) 
F2 versus F3 (wt% less than 11 fJ.m). Fields of Rotongaio ash mixed coarse ash and aggregate facies, Hatepe 
ash coarse fall, and Walker's tall field shown for comparison. 
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fines-bearing variants (Fig 5.4). As discussed for the Hatepe ash coarse fall facies, this 
strong fining trend is typical of relatively dry, discrete particle fall where individual 
clasts are transported according to their size, shape and density. Particle size 
distributions for samples from the N-S axes of Rn-C demonstrate the contrasts between 
the fines-poor proximal Rn-C and the fines-bearing character of Rn-C further from vent 
both to the north and south (Fig 5.4). The variable fines fraction exhibited by Rn-G beds 
(Fig 5.3a) is thought to be due largely to settling of fine ash. 
Examination of how proportions of selected grain size fractions change laterally is a 
very useful too] for determining the way in which the plume assemblage evolved with 
distance and provides valuable information on the mechanisms of particle transport and 
deposition. In doing this only demonstrably correlative samples of like facies are used 
so that inferences can be made about the evolution and dispersal processes of individual 
plumes. Ideally, these particle population comparisons should be on the basis of mass 
per unit area rather than weight percent. However, such data is not routinely collected, 
but this approach is intended for future work on these and the Hatepe ash deposits. Fig 
5.5a shows selected fractions for Rn-C beds from the eastern axis plotted against 
distance from source. Strong fractionation of particles 250 ~m and coarser indicate 
these fractions were transported and deposited as discrete particles as suggested by 
changes in particle size distributions. 
Patterns of change are more complex for Rn-C from the N-S axis (Fig 5.5b). For this 
part of Rn-C all size fractions show strong fractionation with distance, including the 63 
~m and 11 11m and finer material, a pattern which is not indicated clearlyin particle size 
distributions for the same samples. The reason for this is not understood, but may be 
due to fines contamination from overlying fine grained beds. 
Clast Vesicularity and Morphology 
The coarseness of this facies enabled direct measurements of clast densities and 
calculation of clast vesicularity. Lapilli-sizedclasts are mostly poorly to moderately 
vesicular (mean vesicularity around 40-45% (cf. 75% for Hatepe ash), but ranges from 
non vesicular obsidian, to rare clasts that are highly vesicular (maximum vesicularity 
65%) (see Fig 4.3). 
Ash-sized particles were examined by SEM. Clasts in the 63 ~m fraction are a roughly 
equal mix of blocky, non vesicular clasts, and irregularly-shaped, poorly vesicular clasts 
(Fig 5.6a). Clast shape is strongly controlled by dast vesicularity with the densest clasts 
having characteristic smooth-faced, blocky or platy morphologies, while the size and 
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A Coarse Fall Facies 
SEM Images 
B 
Fig 5.6 
SEM images of 63-45 ~lm clasts from subunit Rn-C, representative of lapilli fall facies beds.(A) overview of 
grains showing dominantly dense and blocky characteristics (8) close up of poorly vesicular grain with very 
fine adhering grains. 
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shape of vesicles (mostly spherical to discoidal, and 25-30 ~m in diameter) has 
controlled the style of breakage and clast morphology in the less dense clasts (Fig 5.6b). 
These particle morphologies are typical of dominantly brittle fragmentation of a 
viscous, gas-poor magma (Heiken and Wohletz 1985). 
5.2.2 Ash Aggregate Facies 
A typical feature of the very fine grained beds within the Rotongaio ash is the abundant 
evidence for the deposition of ash as part of fine particle aggregates. These mostly take 
the form of small peHets of mud (fine to very fine ash), with a wide variety of 
associated textures present due to the variable nature and response of mud lumps on 
deposition. Mud lumps are essentially small, unstructured pellets of ash, typically 
around 1 mm, but diameters up to 5 mm are observed rarely in proximal sections. The 
larger lumps are dense, spherical and have weakly developed very fine ash coatings, and 
these are transitional in character to classic accretionary lapilli. As noted in chapter 3, 
the absence of intact aggregates in a fine grained bed does not necessarily mean that 
aggregation played no role in deposition of particles. Aggregates are commonly 
destroyed on impact but distinctive grain size parameters enable the role of fine particle 
aggregation to be assessed. 
Five different types of fine grained facies have been identified in the Rotongaio ash, 
corresponding to : 
1. matrix-supported fine-very fine ash beds with scattered small spherical mud 
lumps 
2. clast-supported beds of small mud lumps of fine-very fine ash 
3. fine-very fine ash beds with vermiform 'vesicles' revealing coalesced mud lumps. 
4. indurated, massive fine-very fine ash beds interpreted as aggregate agglutinate 
beds. 
5. fine ash beds with no remnant aggregate textures interpreted as the product of 
relatively dry, loosely-bound aggregate fall. 
The first four of these facies types have nearly identical grain size properties at anyone 
site and occur in very close association at an outcrop scale. It will be shown that these 
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four ash aggregate facies represent subtle variations in styles of damp to wet mud lump 
fallout. In contrast, the fifth facies has different grain size characteristics and 
associations and is interpreted as the product of drier fine particle aggregation 
mechanisms. 
Character and distribution 
Matrix-Supported Mud Lumps 
A feature of some proximal and, rarely, inner-medial beds of the Rotongaio ash are 
massive to weakly planar bedded, fine to very fine ash beds with scattered, sman mud 
lumps which can sometimes be removed intact from the outcrop (Fig 5.7). In proximal 
beds the mud lumps are typically between 1 and 3 mm, and occasionally up to 5 mm. 
These larger lumps are dense and may have poorly-developed thin coatings of clay-
grade ash. This bed type is not recognised beyond the inner-medial environment. 
Clast-Supported Mud Lumps 
This facies is characterised by discrete intervals of mm-sized mud lumps with little or 
no supporting matrix (Fig 5.7). This bed type is rare in proximal sections, where it 
occurs as intervals 3-4 cm thick at most, and is absent in the medial and distal 
environments. The aggregates range from small (1-4 mm), dense spherical pel1ets of 
mud that can be extracted whole, to soft, friable, and irregularly-shaped structures. This 
facies shows an intimate association with the other mud lump facies. Intervals of clast-
supported mud lumps are usually laterally continuous over the space of a few metres but 
pass vertically into other aggregate facies over the space of a few millimetres (Fig 5.7). 
Partially-Coalescecl Mud Lumps 
These beds are characterised by the occurrence of small, vermiform voids within very 
fine ash beds (Fig 5.7). Such a texture would usually be referred to as 'vesicular tuff' 
and such beds have been interpreted previously as the result of entrapment of some gas 
phase, either as the matrix fluid of primary density currents (Lorenz 1974), or through 
secondary rain compaction (Walker 1981 b). The walls of the voids in this facies are 
irregular, and quite distinctive from the smooth-walled and regularly shaped voids 
formed by trapping of a ga<;; phase. Additionally, in contrast to other descriptions of 
'vesicular' ash beds (Waters and Fisher 1971; Lorenz 1974; Rosi 1992) the Rotongaio 
facies are soft and friable and have not undergone post-depositional lithification by acid 
species. In the Rotongaio (and Hatepe) ash the 'vesicles' simply represent the pore 
spaces between partially coalesced mud lumps, and this facies, even in the proxima] 
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A 
8 
c 
Fig 5.7 
Field photographs of some ash aggregate textures within the Rotongaio ash. A) Matrix-supported texture, 
with thin partings of clast-supported mud lumps. Larger lumps within massive matrix not visible in photograph. B) 
'Vesicular' ash texture resulting from partial coalescence of small wet mud lumps. C) Alternations of dense, 
dark blue agglutinate and partially coalesced mud lump beds. 
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setting, is clearly the product of primary fallout of wet (high water/particle ratios) mud 
aggregates. This facies occurs as discrete (up to 5-6 cm) individual beds, and thin «1 
cm), but laterally continuous intervals within other mud lump facies throughout the 
dispersal area, and has a close genetic relationship to matrix-poor and agglutinate mud 
lump facies. 
Mud Lump Agglutinate Facies 
Dense, moderately indurated, usually blue-grey, fine to very fine ash beds, structureless 
except for rare, small, smooth-walled elongate cavities are conunon in proximal and 
inner-medial sections (Fig 5.7). This facies occurs both as thick discrete beds (up to 20 
cm) and as thin intervals (1-2 cm) within thicker beds of dominantly partially-coalesced 
facies type. A common facies association is the intercalation of thin, multiple 
agglutinate and partially coalesced beds (Fig 5.7). These take the form of rhythmic 
alternations of near-equal thickness (1-2 cm), with the contacts between the intercalated 
beds either sharp and planllr, or irregular and transitional out of and into the partially-
,"" ~"', • lj 
coalesced texture (Fig 5.8).) Such structures are reminiscent (at a smaller scale) of 
changes in the degree ~fwelding evident in near-vent strombolian fall. 
Well-Sorted Fine Ash Fall 
Massive to weakly-bedded, relatively well-sorted fine ash occurs as discrete beds in the 
proximal to distal environments. These beds are especially prominent in subunits Rn-E 
and Rn-F. Primary beds of this sort are characteristically soft and uncompacted, and 
plucked exposures reveal a porous, loose framework of fine ash exhibiting no evidence 
of intact mud lump or other aggregate textures. Grain size properties and consideration 
of experimental observations of fine particle fallout suggest deposition is likely to have 
invol ved some process of fine particle aggregation. 
other Aggregation Textures 
Mud lumps or accretionary lapilli are not the only products of aggregation that are 
found in the Rotongaio ash. A common feature of the coarser fall beds is very fine ash 
coatings on coarse ash and lapilli clasts. In unit Bland the coarse lower half of subunit 
Rn-C (fines-bearing coarse fall facies) these may resemble small armoured lapilli except 
in most cases the thickness of the coating of clay-grade ash is much less than the 
diameter of the core clast. The matrix of such beds is usually a combination of ash 
coatings and discrete mud lumps. These coatings are easily removed and not baked on, 
in comparison to some proximal basaltic phreatomagmatic deposits (Houghton and 
Smith 1993); a function of the relatively cool plume assemblages in large wet eruptions. 
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Lateral and Vertical Variations 
Lateral and vertical variations in ash aggregate facies beds are observed at a range of 
scales. The nature and scale of these lateral and vertical transitions between the mud 
lump facies types may provide some spatial and temporal constraints on conditions of 
aggregate formation in the Rotongaio wet plumes. In proximal and inner-medial 
sections changes in mud lump facies variants take place over vertical distances of only a 
few millimetres, while in, contrast, variations within outer-medial and distal beds is 
quite limited. Clast-supported mud lump beds are laterally discontinuous and trace out 
into other mud. lump facies variants over distances of just a few centimetres. However, 
the other mud lump facies can generally be correlated between sections over distances 
of a few hundred metres. 
Granulometry 
As with the Hatepe ash, the overall grain size properties of the Rotongaio ash fine 
grained facie~ is very similar to that of pumiceous pyroclastic flows, and samples 
straddle the fine grained end of Walker'i.fall and flow fields (Fig 5.8). Samples of 
Rotongaio ash aggregate facies are mostly finer grained than the comparative ash 
aggregate beds of the Hatepe ash (Fig 5.8), and also noticeably finer grained than 
samples of phreatomagmatic layer C from the 1875 eruption of Askja, Iceland. 
Intuitively, this contrast in bulk grain size properties of the Hatepe and Rotongaio ash 
beds would seem to be due to the lack of any lapilli component in the Rotongaio facies. 
Interestingly, though, pure mud lump/accretionary lapilli samples from the Rotongaio 
ash are muct finer grained than individual accretionary lapilli samples from both the 
Hatepe ash and Oruanui deposit (Fig 5.8). The fine ash fall beds devoid of any intact 
aggregates or structures plot at the relatively well-sorted end of the ash aggregate 
sample scatter. 
Particle size distributions for all four mud lump facies variants are essentially identical 
at anyone site, and characterised by unimodal peaks around 4- phi (63 11m) (Fig 5.9). In 
contrast, fine ash beds are characterised by more asymmetric distributions with steep 
modes around 3 phi (125 11m) (Fig 5.9). Comparison of particle size distributions of 
correlative samples from along the eastern dispersal axis demonstrate interesting 
changes in grain size with distance. Selected samples from Rn-F are plotted as 
representative of the mud lump-free fine ash facies type (Fig 5.10a), and samples from 
Rn-A are plotted as representative of mud lump facies (Fig 5.10b). While proximally 
the clast popUlations of these two facies variants are distinctive, with distance the 
distribution types evolve and converge in character towards better sorted, more 
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Plots showing (A) median diameter versus sorting, and (8) F2 versus F3 for samples of ash aggregate facies 
beds. Fields of Rotongaio ash coarse ash and aggregate fall facies, and Hatepe ash aggregate facies shown 
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symmetricaJdistributions with steep modes at 4.5 phi (45 J.1m). Substantial lateral grain 
size changes in widespread fine grained, wet fall deposits were identified in ash 
aggregate facies samples of Hatepe ash (chapter 3). While the changes in the Rotongaio 
ash samples are less pronounced, such variation has not previously been clearly 
demonstrated for the Rotongaio ash and an evaluation of the controls on this variation is 
essential for understanding the nature of depositional processes from wet plumes. 
Examination of changes with distance for individual size fractions can provide some 
insight into particle transport and depositional processes. Plots of all ash aggregate 
facies samples suggest only very minor changes occur to the proportions of 63 J.lm (4 
phi) material and finer (Fig 5.lla), and there is a decrease in the range of median 
diameters at anyone site and small improvement in sorting with distance (Fig 5.llb). 
Plots of correlative beds from subunits Rn-E, Rn-D, and Rn-B show a less complex but 
similar pattern of change with distance (Fig 5.12). For most beds material coarser than 
250J.lm (2 phi) is fractionated out within 20 km of source, suggesting fallout for this 
population as discrete particles. The steepening of distribution modes and small 
improvement in sorting for these beds is recorded by the increase in proportion of 
material between 63 and 11 J.lm. 
Clast Morphology and Vesicularity 
Particles from the 63-45 J.lm fractions of a representative ash aggregate facies sample 
were examined by SEM (Fig 5.13). In these and finer fractions material is dominantly 
juvenile and poorly- to non-vesicular. Non-vesicular clasts are either blocky and 
angular, or platy and inequant. Poorly vesicular clasts are irregular in shape, and clast 
morphology is strongly controlled by vesicle size, shape and abundance. 
5.2.3 Mixed Coarse Ash and Aggregate Fall Facies 
Character and Distribution 
This bed type is characterised by poorly-sorted, fines-bearing, medium to coarse ash 
and typifies B 1 throughout most of the dispersal area, and minor intervals within 
proximal and inner-medial Rn-B2, Rn-D, and Rn-E. Proximal B 1 is multiple-bedded 
with both massive and reverse-graded intervals (Fig 5.14a). Aspects of this internal 
stratigraphy are traceable into the medial environment (Fig 5.14b). Where present in 
subunits Rn-B2 and Rn-D this bed type locally marks the contact with subunit Rn-C. 
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Fig 5.11 
(A) Cumulative weight percent of material finer than selected grain sizes for ash aggregate facies. Note 
fractionation evident only in the 250 )lm and coarser fractions, indicating dominance of fine particle aggregation. 
(8) Plot of median size and sorting versus distance from source, showing a decrease in the range of median 
diameter values for ash aggregate facies beds, and a very slight improvement overall in sorting. 
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Ash Aggregate Facies 
A 
B 
c 
Fig 5.1,3 
SEM images of 63-45 pm ctasts from matrix-supported ash aggregate ,facies (A and B) overview of grains 
showing dominantly dense and blocky characteristics (C) close up of poorly vesicular grain with very fine 
adhering grains. 
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B 
Fig 5.14 
Field photographs of A) proximal. and 8) medial coarse ash and aggregate fall beds of 81 . 
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Fines are present in the form of coatings on coarser clasts and as discrete and partially-
coalesced type mud lumps. 
Granulometry 
The grain size properties of samples of this facies are similar to medial, fines-bearing 
coarse fall samples, and to Hatepe ash mixed ash and.lapilli facies samples (Fig 5.15a). 
On the F2 versus F3 value plot (Fig 5.15b) samples straddle the boundary between 
coarse fall and ash aggregate facies fields. 
Particle size distributions for samples of this facies are characteristically bimodal (Fig 
5.16). Comparison between size distributions of correlative beds revealFhanges in grain 
( \ 
size with distance from source. The strong coarser mode of both Rn-E and Rn-B 1 
samples fine progressively from around 1 phi (500 !lm) close to source, to around 3 phi 
(125 !lm) 30 km downwind. The finer mode of Rn-E samples changes little over the 
distance the bed can be correlated (Fig 5.16a). In contrast, both the mode and proportion 
of fines in Rn-B 1 beds changes significantly with distance, shifting to coarser sizes and 
merging at the most distal correlative with the coarse mode. This could be due to actual 
changes in the grain size population of the B 1 pJume(s), or the result of mixing distally 
of a number of lagging plumes, in which case the distal B 1 interval is not a true 
correlative of more proximal samples. 
Individual size fractions of Rn-Bl samples from along the eastern dispersal axis exhibit 
some differences in grain size changes with distance, compared to coarse fall facies 
samples. Proximally, >250 !lm material is strongly fractionated indicating dominantly 
discrete particle fall for these fractions (Fig 5.17a), and there is little change in finer 
fractions. However, in contrast to the coarse fall facies, the 63 !lm-ll !lm fraction does 
show fractionation beyond about 20 km from source, suggesting a change in the style of 
particle transport and deposition. Overall, bulk grain size becomes finer, and sorting 
improves with distance (Fig 5.17b). 
5.2.4 Proximal Cross-Stral:ified Facies 
Cross stratification is a common feature of the proximal Rotongaio stratigraphy and two 
main groupings with very different modes of emplacement can be defined on the basis 
of the nature of bedding structures, relationships between beds, and grain size 
properties. These are: 
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Plots showing (A) median diameter versus sorting, and (8) F2 versus F3 for samples of coarse ash and mud 
lump facies beds. Fields of Rotongaio ash and Hatepe ash coarse fall facies, and Hatepe ash ash and lapilli 
mixed fall facies shown for comparison. 
Chapler 5 Rotongaio Ash - Eruptive Mechanisms and Depositional Processes 
Coarse Ash and Aggregate Fall Facies 
30 
A 
25 Rn-E 
20 
·2 o 2 4 6 B 10 
25 
20 
15 Bkm 
10 
5 
·2 o 2 4 6 B 10 
25 
20 
15 10 km 
10 
5 
·2 o 2 4 6 B 10 
25 
.... 
51 20 
(J 
.... 
C1l 
a. 15 I ~ 15 km .... 
.c: 
m 10 ~ 
5 
-2 024 6 B 10 
Grain Size (0) 
Fig 5.16 
Particle size distributions for coarse ash fall 
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81. Note, Rn-81 samples are all lateral 
correlatives and demonstrate progressive fining 
and steepening of the coarse mode with distance 
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discrete particle fall. This coarse mode merges 
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Coarse Ash and Aggregate Fall Facies 
Lateral Variation of Clast Populations 
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(A) Cumulative weight percent of material finer than selected grain sizes for 81 beds, representative of the 
coarse fall facies. Note strong fractionation in the 0.063 mm and coarser fractions. (8) Plot of median size 
and sorting versus distance from source, showing a strong fining trend and improvement in sorting. 
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1. discrete beds of a variety of thicknesses with a range of cross-stratification 
structures. These are interpreted as the proximal product of primary, vent-derived, 
dilute density currents. 
2. rare occurrences of thin, diffuse, cross-stratified partings within mud lump-rich 
fine grained beds. These are interpreted as the hybrid product of mixed fall and 
lateral emplacement processes. 
Character and Dis'lribution 
Lateral Emplacement Facies 
Deposits inferred to be of primary pyroclastic density current origin exhibit a wide 
variety of grain sizes and bedding structures, including: 
1. jines-poor, relatively well-sorted, fine to medium ash beds. Bedding is broadly 
planar with very low angle truncations depicted by sub-rom very fine ash laminae. 
(Fig 5.l8a) 
2. lenticular-bedded intervals with wavy alternating fines-rich and fines-poor beds 
(Fig 5.18b). Lenses are up to 5 mm thick and usually taper into laterally 
continuous single clast partings. These partings range from diffuse to strongly 
developed over short distances, laterally and vertically, and small-scale relief 
appears to have influenced the development of depositional structures (Fig 5.182~ 
3. jines-rich beds with diffuse planar to wavy cross-lamination, erosional bases, and 
rare micro ripple structures (Fig 5.18d, e) 
Beds of the fines-rich and lenticular-bedded facies pass gradationally over vertical 
distances of only 1-2 cm into massive mud lump fall beds suggesting closely-spaced 
and overlapping current and fall pulses. Lateral changes in the style of cross-
stratification is evident in some beds over distances of just a few centimetres (Fig 
5.18c). These changes in bedforms correlate strongly with the presence of small-scale 
relief (2-4 cm) on the depositional substrate, and suggest that this relief was sufficient to 
induce flow transformations in density currents. No mud lumps or other textures and 
structures indicative of wet aggregate accumulation are found within the fines-rich 
intervals. 
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A 
B 
c 
Fig 5.18 
Field photographs of proximal cross-stratified facies. A) fines-poor facies. B) Lenticular-bedded facies. C) 
Variations in bedforms over short distances indicating the control small-scal.e relief exerted on the depositional 
regime of density currents. 
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D 
E 
F 
Fig 5.18 contd 
Field photographs of proximal cross-stratified facies. D) Fines-rich facies. E) Close-up of small ripple and 
erosive base of a fines-rich bed. F) Laterally discontinuous and wavy partings within ash aggregate bed, 
interpreted as the product of mixed fall and lateral emplacement. 
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Wavy Partings 
There are rare occurrences within proximal Rotongaio in which massive beds 
containing intact mud lumps, or other aggregate textures indicative of a fall origin, show 
wavy trains and diffuse single clast partings of medium and coarse ash (Fig 5.18f). 
These thin cross stratified beds suggests there were short-lived episodes of simultaneous 
deposition by fall and lateral emplacement processes. 
Granulometry 
Samples of cross-stratified Rotongaio ash facies are finer grained than Hatepe ash 
laterally emplaced facies and plot beyond the Walker/surge fields as defined for median 
/-. 
diameter versus sorting (Fig 5.19a), and Fl versus F2 (Fig 5.19b). Mixed fall and lateral 
emplacement samples have similar grain size characteristics to ash aggregate facies 
beds. 
Particle size distributions highlight contrasts in grain size of the different proximal 
cross-bedded facies (Fig 5.20). The strongly segregated, fines-poor beds are mostly 
unimodal or very weakly bimodal with strong coarse modes at 2 to 2.5 phi (250-180 
~m). Particle size distributions for the alternating fines-rich, fines-poor beds are 
strongly bimodal, reflecting the two discrete clast populations, and predictably, the 
diffuse, fines-rich beds are unimodal with peaks between 3 and 5 phi (125-32 ~m) (Fig 
5.20a). Particle size distributions for wavy parting intervals range from weakly bimodal 
(2.5 and 6 phi modes) to skewed and unimodal (3 phi) (Fig 5.20b), which reflects the 
variability of fines segregation in these intervals. 
Clast Vesicularity and Morphology 
The range of densities of juvenile clasts in proximal cross-bedded facies is similar to 
that seen in samples from the other facies (Fig 5.21 and 5.22). Also, particles in the 
laterally emplaced beds show similar degrees of edge modification (of both dense and 
poorly vesicular clasts (Fig 5.22)) to that exhibited by ash-sized particles from fall 
facies samples. 
5.2.5 Medial Cross .. SlraHfied Facies 
Cross stratification and other evidence for lateral emplacement is surprisingly common 
in the medial stratigraphy of the Rotongaio ash. These beds appear primary in all 
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Fig 5.19 
Plots showing (A) median diameter versus sorting, and (8) F2 versus F3 for samples of proximal cross-
bedded facies beds. Fields of Hatepe ash surge facies shown for comparison. Inset shows F1 versus F2 
plot for Rotongaio proximal cross-bedded facies and Walker (1983) surge field for comparison. 
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Particle size distributions comparing the various proximal cross-stratified facies types; (A) primary beds laterally 
emplaced by density current, and (8) p!):»<imal ash aggregate beds with wavy medium ash partings, inferred to 
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Proximal Lateral 
Emplacement 
Fig 5_21 
SEM images of 63-45 ~lm 
clasts from sample 32/23. 
representative of proximal 
cross bedded laterally 
emplaced lacies 
Mixed Fall and Lateral 
Emplacement 
Fig 5.22 
SEM images of 63-45 ~m 
clasts representative 
proximal mixed fall and 
lateral emplacement facies 
beds.(A) overview of grains 
showing dominantly dense 
and blocky characteristics 
(8) close up of grains 
showing minor edge 
modification. 
Proximal Cross-Stratified Fac,ies 
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respects and are unlike any fluvial or other reworked secondary facies of the Rotongaio 
ash. Cross stratification and very low angle truncations have been described in the 
finely bedded Whorneyside phreatoplinian tuff (Branney 1991) and in the laminated Al 
bed of the Neapolitan Yellow Tuff (Scarpati et at. 1993). The occurrence of apparently 
primary cross stratification within the medial and distal environments of a widespread 
fall deposit is unusual and difficult to account for in terms of a traditional understanding 
of pyroclastic transport and deposition mechanisms. In the Rotongaio ash, medial cross-
stratified beds form two main associations: 
1. cryptic intervals of imbricated very fine ash wedges which, locally, pass laterally 
into fines-depleted, cross-stratified medium ash, 
2. strongly relief-controlled, fines-segregated, wavy beds within small-scale lows, 
which pass laterally into primary mud lump fall on highs. 
Character and Distribution 
Imbricate-Bedded And Fines-Depleted Facies Association 
This facies association is characterised by thin, laterally-continuous intervals of 
relatively well-sorted very fine (clay-grade) ash. Partings of single medium ash clasts 
define steeply-inclined imbricate bedding, with the very fine ash forming stacked 
wedges (Fig 5.23). This facies is most common within medial subunits Rn-B, Rn-D, and 
Rn-E. The foreset-like cross bedding implies a lateral emplacement process but the 
exact mechanism is difficult to interpret. Such structures have never previously been 
identified in the Rotongaio ash or described in any other primary pyroclastic deposit. 
In situations where there is small-scale relief «30 cm) on the underlying surface, the 
imbricate bedded facies pass laterally into fines-segregated, dune-bedded medium ash 
(Fig 5.23). The basal contact in these situations does not appear to be erosive. These 
well-developed dune bed forms suggest deposition laterally from dilute turbulent 
suspensions, and the close association with the very fine imbricate beds would support a 
common genesis. The~e origin of these beds and the possible implications they hold for 
the dynamics of wet plumes is discussed in section 5.5. 
Depression-Confined Segregated Beds 
Rare medial localities exhibit finely-laminated ~~gregated medium ash and very fine ash 
lay~r~of\vith low angle truncations. These beds are usually confined to depressions in ~_~-­
the small-scale relief of the underlying ash and lap out into normal, planar fine-very fine 
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Medlial Cross-Stratifie·d Facies 
Fig 5.23 
Series of photographs of locality 118, showing the styles 01 cross-stratification typical of a number of medial 
localities (see inset). A - overview of locality 1118, 8- close up of fines-depleted cross-stratified beds developed 
over small depression 2 m away from imbricate beds. , C- close-up of Rotongaio stratigraphy away from 
depression, D- detail of very fine ash imbricate beds Coin measures 28 mm. 
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ash oververy short distances. Such beds are seen within depressions as shallow as 3 cm, 
within otherwise massive-bedded units. Several localities show well-developed fines-
segregation near the top of subunit Rn-F. Here, the extent of fines segregation shows a 
strong correlation to topography, with fines-depleted beds thickening dramatically 
downslope (see Fig 5.25a). These beds are quite differeItt~~t~jhe imbricate-bedded 
association described above. Cross-beds show segregation of fines and medium ash but 
are not as strongly fines-depleted or dune bedded as the imbricate bed association, and 
the cross-beds pass laterally into normal fall layers. 
Granulometry 
Imbricate bed samples are fines-rich and have similar grain sizes to ash aggregate facies 
sample (Fig 5.24). Fines-depleted samples have similar median sizes and sorting (Fig 
5.24a) and fines content values (Fig 5.24b) as fluvially reworked Rotongaio ash. 
However, these cross-stratified facies are distinctive in occurrence, association and 
texture, and are clearly not the product of secondary fluvial processes. 
Particle size distributions for samples of the medial cross-stratified facies bed types are 
remarkable for two main reasons. 1) they show significant grain size changes over 
extremely short distances (Fig 5.25), and 2) they demonstrate the heterogeneity in grain 
size signatures possible from a single depositional assemblage. Samples from locality 9 
(Fig 5.25a) show the contrast between the skewed unimodal (3 phi, 125 ).lm) parent bed 
and the downslope derivative layers of segregated coarse and fine material. Samples 
from locality 118 record the progressive transformation in grain size of a single 
correlative bed from fines-rich to fines-depleted, rapid1y over the space of only two 
metres (Fig 5.25b). 
Clast Morphology 
Clasts from the 4-5 phi (63-45 11m) fractions of fines-depleted (Fig 5.26a) and 
imbricate-bedded (Fig 5.26a and c) samples were examined using the SEM to see if 
there were any contrasts with the morphology of clasts from ash aggregate fall samples. 
No significant differences in clast morphology or the degree of edge modification are 
manifest between fines-depleted or imbricate-bedded samples, or between these 
samples and correlative ash aggregate beds. 
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Fig 5.24 
Grain size parameter plots for medial cross-stratified facies samples. (A) Median size versus sorting, and 
(8) F2 (wt% material less than 63 ~m) versus F3 (wt% material less than 11 ~m). Fluvial reworked beds 
plotted for comparison. 
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Particle size distributions of medial cross-stratified facies samples: (A) Depression-confined segregated beds, locality 9,10 km from 
vent . show comparison between particle size distributions of segregated layers and the associated mud lump whole bed. 
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Fig 5.26 
SEM images of 63-45 ~m 
clasts of the medial cross-
bedded facies (A) Grains from 
fines-poor, dune-bedded 
intervals (8) overview, and (e) 
close up of grains from the 
correlative imbricated very 
fine ash interval. 
c 
A Medial Cross-Stratified Facies 
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5.3 SECONDARY PRODUCTS 
5.3.1 Concepts of Primary and Secondary Deposition 
Primary pyroclastic products are those emplaced directly by one of the three 
traditionally defined mechanisms of pyroclastic deposition (fall, surge or flow), and 
whose structural and textural characteristics are little modified since the original 
depositional event. The nature of primary pyroclastic deposits are taken as a direct 
record of eruptive style and an indicator of the conditions under which important 
pyroclastic transport and emplacement processes operated. Features such as deposit 
stratigraphy, dispersal parameters, grain size properties, component analysis and 
juvenile clast vesicularity can be used directly in the evaluation of the nature, style and 
dynamics of the eruption. For the Rotongaio ash a variety of primary fall and density 
current emplacement mechanisms have been recognised through mapping facies 
analysis, granulometry and component analysis of the primary Rotongaio ash. 
Secondary (epiclastic) deposits consist of volcaniclastic material emplaced initially by 
pyroclastic processes but which have undergone subsequent changes to their primary 
textural and structural character due to reworking and redeposition fluvially, by mass 
flow, or slope-processes. Secondary deposits are fundamental components of the 
deposit architecture of large-scale explosive eruptions (Cas and Wright 1987). This is 
because of the catastrophic watershed disruption that accompanies the emplacement of 
large volumes of easily remobilised material (e.g. Mount Saint Helens, Janda et ai. 
1981; Pinatubo, Major et al. 1997). For most large-scale explosive eruptions secondary 
deposits follow primary deposits in time and space, and secondary processes are only 
indirectly influenced by conditions at the eruptive vent. Typically, fluvial reworking and 
secondary mass flow of pyroclastic material are controlled more directly by climate, the 
nature of any pre-existing topography and watershed, the temporal evolution of 
drainage systems during an eruption, and the post-eruption re-establishment of drainage 
systems. Accordingly, secondary products are typically important beyond the area of 
primary deposition, confined to well established fluvial systems, and/or represented by 
discrete intervals in the post-eruption stratigraphy. 
In the Rotongaio ash a variety of styles of secondary processes are recorded including 
small-scale fluvial erosion and resedimentation, seiche and lake edge reworking, soft-
sediment deformation, and small-scale mass flow. What makes the Rotongaio unique is 
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the intercalation of primary and secondary deposits on a fine scale which implies that 
the 'secondary' processes accompanied eruption of primary pyroclastic deposits, and 
may have been influenced largely by factors inherent to the eruptive style. 
The secondary deposits of the Rotongaio ash can be divided by process into four main 
groups~ lake margin processes, fluvial erosion and reworking, small-scale mass flow 
and soft-sediment deformation, and other relatively unimportant processes such as grain 
roiling, and delayed deposition of earlier erupted pumice and ash. Table 5.2 summarises 
the main characteristics and depositional interpretation for secondary facies. 
Table 5.2 
Summary of secondary depositional facies of the Rotongaio ash. Only the lake margins beds directly 
associated with Rotongaio ash listed here. 
Lake Margin Association 
Cross-stratified Close to present day Cross-stratified and rilled Shallow water reworking of 
primary ash fall Rotongaio ash caldera lake-margin fine-very fine Rotongaio 
ash 
Lithic-free coarse Lake margin Coarse, lithic-free, locally Washing ashore of lake-borne 
pumice beds clay-grade matrix-bearing pumice rafts and deposition of 
" ....................... " ... "' ...................... " ..... ,""', ........................ " .. "',p.~,~,i,?~ .. ~~p.!!!! .. ~~,~~"" ... " ..... "" ..... ~9.~9,~~.~!.~.~~.~.~!.!.~~? .. T.~~9.!~.,., .. 
Medial and Distal Bed Types 
Fluvial reworking 
Slurry 
flow/liquefaction 
Incipient Plastic 
deformation 
Channel-confined or 
slope-controlled, 
outer-medial and 
distal setting 
Medial and distal 
setting, Steep 
depositional slopes 
Medial and distal 
setting 
Fines-free, lenses and 
irregular partings of 
medium and coarse ash. 
No traction structures but 
local grading and 
stratification 
Massive ash infilling 
. depressions tracing 
laterally into very thin beds 
on rill walls, may be flat-
topped, locally convoluted 
bedding. 
Rare microfluvial intra-bed 
incipient in-situ reworking by 
mud rain. Channel-confined 
reworking by running water, 
locally present throughout life 
of channel or in pulses related 
to rain events. 
Homogenisation, convolution 
of bedding and local liquefied 
slurry flow of ash under 
influence of slope, water 
content and shaking, 
common in most beds, Plastic flow of wet ash under 
manifest as variations in influence of gravity. 
bed thickness along Represents the dry end of 
outcrop, thickening into range of soft-sediment 
lows and thinning over processes in Rotongaio ash 
" .............................................................................. , ........ , ........... ~.!~.~~,: ......... , ............................................................................... , ....................... . 
Other bed types 
Grain rolling Steep depositional 
slopes 
Tree-lodged pumices Single locality at 
Hatepe Rotongaio 
contact 
Pumiceous ash Within Rotongaio 
lenses ash at number of 
medial and distal 
localities 
reverse-graded, coarse 
ash and lapilli beds 
overthickened in 
depressions 
large pumice lapilli resting 
at base of Rotongaio ash 
unaccompanied by lithics. 
Discontinuous lenses and 
partings of creamy 
pumiceous ash within 
Rotongaio ash. 
Cohesionless Rn-C and Rn-G 
beds subject to grain rolling on 
steep rilling-induced pre- and 
intra-Rotongaio relief 
Tree-lodged pumice lapilli 
during phase 2 volcanism 
dislodged and incorporated 
into the Rotongaio ash 
Cohesive Hatepe ash coatings 
on b ranches and fallen logs 
shaken or washed off during 
Rotongaio volcanism. 
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5.3.2 Lake Margin Facies 
Described in chapter 3 is a sequence of inter-bedded lithic-free pumice beds, cross-
bedded material and primary beds interpreted as deposits formed near the syn-eruptive 
caldera lake margin (see section 3.2.2). Intercalated within these sequences at a number 
of sites close to the present day lake edge is primary and reworked Rotongaio ash and 
this material is described in more detail separately here. 
At locality 65 two prominent beds of Rotongaio ash are intercalated with lithic-and 
fines-free pumice beds (Fig 5.27). At first appearance these beds seem similar to other 
near-by proximal Rotongaio ash stratigraphy. Individual beds are fine-grained and very 
finely laminated. Closer inspection reveals localised wavy, fines-segregated intervals, 
areas of diffuse bedding, and small channel structures. These changes in bedding occur 
close to the upper and lower contacts with the intercalated lake-borne pumice intervals 
and are interpreted as fallout and accumulation of primary ash in shallow water. In the 
uppermost Rotongaio horizon, beds change upward from low angle cross stratification 
with no mud lump textures (indicating shallow water deposition), to thicker, massive 
beds with mud lump textures, and this records a rapid transition to subaerial deposition 
over a vertical space of 20-30 cm. Interestingly, grain size of the cross-stratified 
subaqueous Rotongaio beds is little different from primary Rotongaio ash fall (Fig 
5.28), probably reflecting the very limited amount of water settling. 
In the lowermost beds, rounded pumices form an irregular and discontinuous layer 
suggesting mixing close to the lake edge from washed-in floating pumice. Rotongaio-
like material (dense, dark grey fine ash) is also present at the base of pumice bed 'f' 
indicating accumulation of Rotongaio ash on the pumice carpet floating on the lake 
surface immediately prior to some seiches. Unlike the Rotongaio ash, primary Hatepe 
ash it not identified in this lake margin sequence, but cross-stratified pumiceous beds 
are abundant, suggesting that while the lake margin was probably oscillating this site 
remained subaqueous during phase 3, and progressively shoaled towards the end of 
Rotongaio volcanism (phase 4). 
As discussed in chapter 3, the setting for these deposits was the very edge of the syn-
eruptive Lake Taupo. It is envisaged that the sequence at locality 65 fonned through an 
alternation of: 
1. seiches, generated by hydrothermal or phreatomagmatic explosions, bearing 
waterlogged lake-rafted phase 2 and phase 3 pumice, 
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Fig 5.27 
Sequence of 1.8 ka eruption lake margin deposits exposed at locality 65 (see inset). A - showing multiple 
intervals of lake-borne rafted pumice, wave-reworked deposits and primary fall ash of phase 4, capped by 
the Taupo ignimbrite. 8- stratigraphic column of section in A, C- close up of alternating lake-borne pumice 
and Rotongaio ash fall beds. D- close up of upper primary and subaqueously deposited Rotongaio ash bed. 
E - close up of channel struclure in reworked Rotongaio ash. Coin measures 28 mm. Other lake margin 
localities shown in inset. -
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Field photograph (A), corresponding stratigraphy (B), and median diameter versus sorting (e) for locality 
65 lake margin beds.FIW = fluvial or wave reworked material, IG = primary Taupo or intra-plinian ignimbrite, 
RN = primary and reworked Rotongaio ash, LBP = lake-borne rafted pumice, WR cross bedded reworked 
material. Letters in field photograph correspond to stratigraphic units in B. 
Chapter 5 Rotongaio Ash - Eruptive Mechanisms and Depositional Processes 228 
2. wave reworking of accumulating ash and previously deposited material at the lake 
margin, and 
3. rainout of primary fall ash and accumulation in fluctuating subaerial and 
subaqueous conditions. 
5.3.3 Fluvial Erosion and Reworking 
An important feature of the Rotongaio stratigraphy is the presence of a number of 
internal, syn-eruptive fluvial erosion and reworking intervals. These are best developed 
in the medial environment with only one or two major erosion levels developed at a 
single proximal locality, and no fluvial reworked material evident at all in other 
proximal sections away from the lake margin. At medial outcrops, intra-unit fluvial 
erosion is expressed in a variety of ways and appears to have been controlled strongly 
by local topography. Over pre-existing depressions, major rilling levels are represented 
by deep channels which may have cut down through several subunits, while on 
corresponding highs 1-2 metres away the same interval is recorded by small, widely-
spaced rills that penetrate a few centimetres at most (Fig 5.29). For minor erosion 
episodes rilling is developed only in pre-existing depressions, and the same contact 
traced out onto adjacent flat-lying sections a few centimetres laterally will appear planar 
and conformable, making correlation of these rilling intervals problematic (Fig 5.29). 
Similarly, it can be difficult to distinguish between a true erosive contact formed by 
rainfall or flowing water, and contacts which are irregular and down-bowed due to 
simple soft-sediment contortion of beds. Additionally, the nature of contacts in many 
cases is obscured because of the minimal textural contrast between most beds and the 
merging of beds by incipient plastic deformation (Fig 5.29). 
The products of fluvial reworking range from incipient microfluvial washed ash lenses 
within beds, to channel-confined, well-sorted, dense medium and coarse ash (Fig 5.30). 
Microfluvial structures are very diffuse, mm-scale fines-poor partings or wisps that are 
laterally discontinuous and occur within otherwise primary fall beds. Such structures 
show an intimate association with primary fall beds and represent transient intervals 
when erosion was favoured over deposition due to accumulation of primary depositional 
assemblages with very high liquid/particle ratios (mud rain). Similar structures were 
identified in the Hatepe ash (see chapter 3). 
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A 
B 
Fig 5.29 
Field photographs showing the variable expression of intra-formational rilling within the Rotongaio ash. A) 
Locality 55, 20 km from vent. B) Locality 1, 11 km from vent. 
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Fig 5.30 
Field photographs of the products of fluvial reworking within the Rotongaio ash. A and 8) examples of 
microfluviallenses. C) Fines-depleted, well-sorted, dense particl'e-enriched lenses typical of larger scale 
fluvial resedimentation within the Rotongaio ash. 
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True fluvial reworking is characterised by fines-depleted, well-sorted medium to coarse 
ash. These beds are typically lens-shaped or define small-scale channel structures not 
usually more than 5 cm deep and 50 cm wide in the medial environment, but wide 
channel systems up to 3-4 metres wide are found in the distal Taupo stratigraphy in the 
northeastern part of the dispersal area. The grain size of the reworked material is a 
function of the grain size of the source primary ash and reworking episodes can be 
correlated with the primary stratigraphy crudely on this basis. The fluvial beds are 
typically massive or weakly graded, and tractional structures are only ever poorly 
developed. This is a reflection of the scale of the processes involved, with very short 
transport distances involved. 
The processes of fluvial rilling (erosion) and reworking (resedimentation) are, of course, 
intimately related within the Rotongaio ash, but the nature of this association appears to 
change spatially. Three different styles of rill development and associated seGondary 
reworking have been identified: 
1. exclusively erosional gullies and rills devoid of fluvially reworked material and 
infil1ed with intact, although in many cases overthickened, primary fall ash (Fig 
5.29), 
2. channels infilled by alternations of primary fall beds and fluvial reworked and 
remobilised material (Fig 5.31), and 
3. channel infills dominated by secondary material comprising various mixes of 
fluvial lenses, and plastically-deformed contorted and over-thickened material that 
traces laterally a few centimetres into intact primary beds, (Fig 5.31). 
Type 1 is typical of proximal and inner-medial areas where rills and gullies define 
contacts between primary fall beds, that are well-developed above depressions but non-
erosive or only weakly rilled at corresponding levels on highs. 
In the outer-medial and distal sections erosion and the products of reworking are always 
closely associated in space. Rills and channels are either filled by intercalations of 
fluvially reworked lenses and primary ash fall (type 2 above), or dominated by 
secondary fluvial reworked and remobilised slurry material (type 3 above). Rilling and 
reworking are confined to depressions, and secondary reworked material within these 
channels trace laterally to primary beds on small highs. The scale over which these 
contrasting depositional styles coexist is very small. Relief of only a few centimetres 
has clearly controlled the development of channel-confined reworking, and primary 
A 
B 
Fig 5.31 
Field photographs showing a range of channel structures within medial Rotongaio ash. A) Locality 48. showing the close association 
between finely-interlayeed reworked and primary fall beds within a channel. and primary fall stratigraphy on an interlluve. 8) Locality 22, 
small-scale channel with ponded and overthickned material interlayered with fluvial lenses. 
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. accumulation was simultaneous with secondary reworking over spaces also of just a few 
centimetres. Those channels filled with alternations of primary fall and secondary 
fluvial material (type 2) record punctuated episodes of reworking, while the third 
channel style, filled exclusively with reworked lenses record near-continuous water 
flow in some channels. At many sites in the medial and distal settings type 2 and 3 
channel styles occur within short distances of each other suggesting that, beyond the 
proximal and inner-medial settings, local meteorologic and topographic conditions 
played the greatest role in influencing the nature and timing of fluvial reworking. 
Erosion and reworking episodes 
At least eight main fluvial erosion and reworking episodes can be identified and 
correlated within the medial Rotongaio stratigraphy. However, not all levels are 
necessarily identifiable or present at each site. The levels identified are; 1) intra-Rn-A, 
2) intra Rn-B, 3) base of Rn-C, 4) intra Rn-D, 5) base of Rn-E, 6) intra El, 7) base of 
E2, and 8) base of Rn-F. An ambiguous ninth level is recognisable locally at the base of 
Rn- D. Two of the levels are major erosional intervals (base of Rn-E and base of E2) 
and are important markers identifiable throughout most of the medial dispersal area. 
The other intervals are minor and are less easily identified beacuse of sporadic 
distribution. 
Rilling and reworking cameo-study 
Locality 121 provides a good cameo of the channel type involving pulses of reworking 
events. At this one site, several channels are developed above gullies at the 
Hatepe/Rotongaio contact. One channel (Fig 5.32) indicates that flow of water from the 
time of gullying at the end of Hatepe volcanism until the initial deposition of Rotongaio 
ash was unabated as reworked Rotongaio ash rests directly on gullied and reworked 
Hatepe ash. Five or six main reworking episodes are evident in the channels as pockets 
of fines-depleted, dense medium-coarse ash. Fluvial reworking was not continuous 
throughout the channel history but interrupted periodically by slumping and slurry flow 
of water/ash mixtures, and also primary ash fall. Some distortion of the fluvial lenses 
indicates some post-depositional soft-sediment processes which affected the entire 
deposit. 
In detail, Rn-C rests directly on reworked Rn-B fonned by an erosional and reworking 
event at the close of Rn-B. Reworking probably continued unabated, locally, throughout 
deposition of Rn-C as it is extensively fluvially reworked in some channel axes. Two 
main, discrete reworking episodes are evident within Rn-E. However, wisps and 
discontinuous lenses of fines-depleted ash through most parts of the subunit indicate a 
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Fig 5.32 
Fietd photoQraph of channel structure within Rotongaio ash, locality 121. Note the multiple fluvial episodes 
and fluctuations in rates of primary accumulation and secondary reworking recorded by the alternation of 
well-sorted fluvial lenses, microfluvial horizons, ponded wet ash, and primary fall. 
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subtle balance existed between primary accumulation and syn-depositional reworking 
throughout Rn-E volcanism. The reworking episode which extends from the top of Rn-
E to the base of Rn-G is probably the lateral correlative of the basal Rn-F rilling seen in 
more proximal sections 
5.3.4 Soft .. sediment deformation 
Small-scale slurry flow and plastic deformation of ash beds define a spectrum of soft-
sediment responses evident in the Rotongaio ash that are controlled principally by water 
content of the depositing ash and the angle of the depositional slope. Other important 
factors include stability of the substrate, the presence or absence of surface water, and 
ground shaking. 
Incipient plastic deformation 
A feature of all ash-rich beds of the Rotongaio ash is thickness variations along outcrop 
in response to the small scale relief. The extent of these variations is a function of the 
water-particle ratio of the ash on deposition, the local relief, and the nature of the 
underlying bed at the time of deposition. Incipient plastic deformation is expressed as 
thinning over topographic highs and thickening into pre-existing lows, and development 
of irregular bed contacts (see Figs 4.4b and 4.5b). At anyone locality there are contrasts 
in the extent and style of deformation between bed types. In these cases where the small 
scale relief is similar for all the subunits, the different behaviour can be related to 
difference in the primary state of the ash. As well as contrasts in behaviour between 
different beds it is clear that at anyone locality the same bed can also show a range of 
responses along the outcrop, usually in response to variations in depositional slope. 
Slurry flow and liquefaction 
No large-scale secondary mass flow deposits are found interbedded within the primary 
stratigraphy of the Rotongaio ash. However, remobilisation by mass flows must have 
been periodically important down main tributaries during Hatepe ash and Rotongaio 
volcanism because, 1) large volumes of water were erupted from the lake, transported as 
part of the plume assemblage and incorporated into ash deposits (0.3 km3 water during 
Rotongaio volcanism assuming 20 wt. % water), and 2) pervasive gullying indicates that 
substantial volumes of tephra were eroded and transported especially in the medial 
environment. The products of such events are likely to have been in tum substantially 
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modified by subsequent phases of the. eruption, changes in lake level during and after 
the eruption, and the post-eruption re-establishment of the regional drainage pattern. 
Localised, secondary remobilisation of ash is evident, however, intercalated within the 
medial and distal Rotongaio primary stratigraphy. Typically this takes the fonn of gully-
modifying or -infilling ash bodies that in many cases pass laterally over short distances 
into thin primary beds on -highs (Fig 5.33). The scale, geometry and nature of these 
remobilised beds are variable. Beds range from irregularly shaped beds a few 
centimetres thick with convoluted remnant primary stratigraphy, to half metre deep, 
flat-topped gully infills. Flat-topped infills suggest that accumulating primary ash was 
very wet, had little strength and flowed in a near-Newtonian fashion under the influence 
of gravity. Such modifications are evident within single beds (Fig 5.33a) and also 
involving entire subunits (Figs 5.33b and c). Contrasting styles of soft-sediment 
modification amongst beds and subunits at a single locality must be because of 
differences in the primary nature of the accumulating ash. Where there are a variety of 
responses evident within the same bed at a single locality these differences always show 
a correlation with the nature of the pre-existing relief. 
Convolution and other soft-sediment structures are rare in individual beds on flat 
sections away from the gravitational effect of gully slopes. Dewatering structures are 
minor features of some otherwise primary beds in horizontal sections (Fig 5.34). Such 
occurrences are more common in distal sections, and liquefaction of wet ash was 
probably induced by ground-shaking during passage of the violently-emplaced 
ignimbrite (Wilson and Walker 1985). 
5.3.5 Other Secondary Facies 
Cohesionless grain rolling 
While grain rolling is an important modifying effect on the fines-free and non-cohesive 
deposits of steep-lying plinian and strombolian cone deposits, it is a relatively 
unimportant process in the typically cohesive products of phreatomagmatic eruptions. 
The majority of the Rotongaio beds are ash-rich, and were wet and cohesive on 
deposition, enabling beds to adhere to very steep slopes (up to 70 degrees). However, 
the upper half of subunit Rn-C and all of Rn-G are fines-free and non-cohesive and 
were deposited locally on very steep surfaces because of the relief generated by rilling 
and gullying episodes. At angles beyond repose individual grains in these subunits have 
rolled downslope and accumulated in depressions forming reversely-graded beds. These 
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c 
Fig 5.33 
Field photographs showing the dramatic thickness variations over short distances that occur due to near-
newtonian behaviour of some very wet beds. A) flal-topped ponded nature of a single bed within Rn-E, B 
and C) overthickening of the entire package of beds within subunit Rn-E, due to slurry flow and liquefaction. 
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Fig 5.34 
Disturbed bedding within subunit Rn-8 at a relatively flat-lying section, due to the expulsion of water 
from the very wet ash aggregate beds, probably induced by ground shaking. Coin measures 19 mm 
239 
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beds show considerable thickness variation and are usually completely stripped from 
highs and found only as remnant irregular pockets where the slope decreases. 
Tree-lodged pumice 
Outsized pumice clasts at a single locality occur widely spaced along the 
Hatepe/Rotongaio contact (see Fig 2 in Smith and Houghton 1995b). These clasts are 
remarkably uniform in size with average diameters of 80 to 120 mm. There are no 
associated lithic clasts at this level and, even above and below this level, the largest 
lithics are in hydraulic equivalence with the much finer grained Phase 3 and 4 juvenile 
clasts. The grain size of the pumice clasts shows no overlap at all with the size 
distribution of Rotongaio ash but they are identical to the coarsest clasts in measured in 
the underlying Hatepe pumice at the same section (Smith and Houghton 1995b). The 
Hatepe pumice represents the only possible source for these clasts which are larger than 
any juvenile or lithic clasts erupted during phases 3 or 4. 
These outsized clasts are modelled as the coarse tail of the largest and least dense of the 
Phase 2 plinian pumices which were lodged in tree branches throughout the deposition 
of Hatepe pumice, through the switch to phreatomagmatic volcanism and the deposition 
of the Hatepe ash (Smith and Houghton 1995b). They were subsequently dislodged 
from branches at the initiation of phase 4, and incorporated at the base of the Rotongaio 
ash. A partial analogue to this process occurred at Mt. St. Helens, where plinian pumice 
from the May 18, 1980 eruption was observed to lodge and then fall from trees (Waitt 
and Dzurisin 1981). 
Several factors combined to make the phase 3 to 4 transition favourable for 
dislodgement of the pumices. First, the transition was marked by a break in deposition 
accompanied by intense gullying associated with rain-out of water from the Hatepe ash 
vent region (see chapter 2), and this was followed by rapid accumulation of the wet, 
extremely cohesive Rotongaio ash. Second, this transition was marked by a shift in vent 
position (see chapters 2 and 4; Smith and Houghton 1995a), probably accompanied by 
seismicity and ground motion, enhancing the possibility of dislodging the pumice. 
Pum iceous ash lenses 
At a large number of medial and distal localities numerous small lenses and pods of 
creamy pumiceous ash are found interbedded with the dark grey Rotongaio ash, usually 
concentrated at specific intervals along an outcrop (see Fig 3.34). These are interpreted 
as a variation on the mechanism of tree-lodgement of pumice, being derived from 
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Hatepe ash accumulated on branches during phase 3 volcanism (Smith and Houghton 
1995b). Walker (1981b) has previously described the phenomenon of coatings of 
cohesive Hatepe and Rotongaio ash on the upper surface of branch moulds buried 
within the upper portions of the Taupo sequence (Fig 5.35a). At the localities described, 
ground motion must have been sufficiently strong, or the rain-out of water and ash 
during the later Rotongaio phase so intense, that phase 3 ash had only a transient 
residence time on branches before being shaken (or washed) off and incorporated into 
the Rotongaio ash. 
5.4 PRIMARY AND SECONDARY DEPOSITIONAL RELATIONSHIPS 
5.4.1 'Primaryness' of the Rotongaio Ash 
As discussed, most beds of the Rotongaio ash at most localities, especially in the medial 
and distal stratigraphy, exhibit modifications of primary pyroclastic features including 
changes to original bed thickness, geometry, texture and, to a less extent, grain size 
characteristics. The nature and occurrence of these secondary modifications indicate an 
intimate spatial and temporal between primary and secondary depositional processes 
which is unique among widespread pyroclastic deposits. This close association suggests 
a genetic link between these secondary processes and style of Rotongaio volcanism, and 
that primary and secondary products formed a depositional spectrum. Because of this 
fine-scale interlayering of primary and secondary characteristics, as alluded to in 
chapter 4, it has been necessary to make a qualitative and subjective assessment of the 
extent to which an individual laminae bed or subunit is 'primary' or 'secondary' by 
assigning a grading of the primary character to each subunit at each locality. This was 
done for two main reasons: 
1. because of the pervasive nature of these modifications consistent criteria were 
required for determining those thickness values unsuitable for isopaching, so that 
ash dispersal patterns could be mapped as accurately as possible, and 
2. to assess the scale of spatial variations in the primary state of ash within and 
between subunits, and determine any relationships between primary and 
secondary processes. 
The primary grade is a generally de facto assessment of the relative wetness (liquid-
particle ratio) of ash ondeposition, determined on the basis of the extent of secondary 
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features such as soft sediment defonnation and flow of beds. In effect the grade reflects 
the combination of the relative liquid/particle ratio of the accumulating primary 
pyroclastic assemblage and the nature of the local depositional surface which both 
controlled the extent and style of soft-sediment processes. The aim of the grading was to 
determine, qualitatively, any spatial variations in the water/particle ratio within and 
between subunits 
Grade 1 represents a subunit of laterally consistent primary thickness, structure and 
texture from which good isopach data can be obtained and primary depositional textures 
are evident. Grade 2 is assigned to a subunit from which primary thicknesses and 
textures can be determined but which displays cryptic and subtle variations along 
outcrop. Where thickness estimates are marginal due to the variation in thickness and 
bedding along an outcrop a grade of 3 applies. Grade 4 applies to subunits from which 
thickness values bear no relation to primary deposition values and only weak primary 
textures remain. Primary grade 5 applies to subunits which are completely redistributed 
by secondary processes, with changed bed geometry due to slumping and which have 
no remnant stratification or primary textures. 
Because of the influence of small-scale topography a subunit at anyone section might 
display a range of grades. Where a well-developed local system of channels and 
interfluves (due to gullying at the Ha-Rn contact and internal rilling) produces an 
alternation of flat and steep depositional surfaces, then two values are given (*/* flat 
value/steep value,) to retlect the two distinct depositional conditions. Where no major 
local micro-topography exists but there is variation in the primary grade of the ash 
along an outcrop then the range of grades exhibited are given (*-* low to high,). In any 
assessment of the primary wetness of the depositing ash the range of values at a site is 
evaluated and the specific nature of the locality taken into account. 
5.4.2 Subunit Primary Grades 
In subunit Rn-A local concentrations of high primary grade values are evident across 
the medial and distal areas and reflect a combination of locally steep pre-Rotongaio 
relief and probably subtle variations in the wetness of the depositing ash (Fig 5.35a). 
Rn-B exhibits an overall much higher primary grade rating with consistently higher 
interfluve values than Rn-A. Spatial variations in the interfluve values suggest a degree 
of heterogeneity in the wetness, or liquid/particle ratio, of the depositing ash spatially 
(Fig 5.35b). Distribution patterns of the high channel values reflect the control exerted 
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Fig 5.35 
Maps of primary grade values for Rotongaio ash subunits; A) Rn-A. 8) Rn-B. C) Rn-C, D) Rn-D. E) Rn-
E. F) Rn-F. 
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by the steep depositional surfaces produced by intense gUllying at the Hatepe-Rotongaio 
contact. 
The primary grade for Rn-C (Fig 5.35c) needs special evaluation as the style of 
deposition and secondary modification was quite different to the other ash-rich cohesive 
units, and variations in grade are much less closely linked to plume conditions. High 
values for gully infills (channels) reflect the cohesionless nature of the unit making it 
very susceptible to grain rolling on locally steep slopes. High values on interfluves may 
reflect removal from highs and soft-sediment and mass flow processes of plastic, wet 
bounding units. 
Rn-D exhibits similar patterns of primary grades to Rn-B with moderate interfluve 
values suggesting higher water/particle ratios compared to other subunits (Fig 5.35d). 
Distribution of double values broadly reflect the regional topography with 
concentrations to the south where a series of ridges and valleys have influenced the 
development of gUllying within the Rotongaio ash. Moderate to high primary grade 
values on the plateau to the northeast give a good indication of the relative role of the 
primary water-ash ratio at the time of deposition. 
Primary grade values for subunit Rn-E on intertluves show no systematic variations but 
there are areas with very high single or interfluve values suggesting locally very wet 
primary accumulation and consequent penecontemporaneous 'secondary' slumping and 
near Newtonian flow (Fig 5.35e). The distribution of high channel values reflects the 
development of rilling at the base of Rn-E, a pattern which in turn is controlled by 
erosion at the Hatepe-Rotongaio contact. 
Rn-F primary grades are relatively low compared to the other units suggesting drier 
primary conditions (Fig 5.35f). There are few channel/interfluve double values for Rn-F 
because accumulation was predominantly on gentle or flat surfaces formed by 
underlying subunits infilling and modifying rills and depressions. Primary grades were 
nor determined for Rn-G because of its relatively restricted dispersal. 
5.4.3 Primary and Secondary Facies Associations 
Examination of primary and secondary depositional facies in the Rotongaio ash enables 
a broad depositional facies model to be constructed for Rotongaio volcanism. As with 
the Hatepe ash, four facies associations have been defined which summarise the spatial 
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distribution and relationships of characteristic primary and secondary processes that 
operated during Rotongaio volcanism. These associations are summarised in Table 5.3. 
Lake Margin Association 
Same association as for the Hatepe ash, consisting of alternations of primary fall, wave 
and fluvial reworked material, and lake-borne rafted pumice deposits accumulated at the 
syn-eruptive lake margin throughout the Taupo eruption. 
Proximal Association 
Depositional facies in proximal Rotongaio ash are dominantly primary, and most 
contacts between beds are planar and conformable. The proximal stratigraphy comprises 
multiple beds many of which have no direct correlative in the medial and distal 
environments. Proximal deposition was dominated by fallout of a variety of ash 
aggregate types, with a subordinate but important contribution from primary pyroclastic 
density currents emplaced under a range of transport and deposition conditions. 
Inner-Medial Association 
Deposition in this environment was characterised by a mix of primary and secondary 
facies. Facies indicate that primary accumulation was dominantly by fallout of ash 
aggregates with a range of physical properties. Secondary facies are more prominent 
than in the proximal association but less diverse than more distal associations, and 
dominated by syn-eruptive fluvial erosion, and plastic deformation of ash beds. 
Outer Medial-Distal Association 
Characterised by a mix of primary and secondary facies. Rilling erosion was 
progressively less intense in the outer-medial to distal environment and secondary 
processes were dominated by syn-depositional fluvial resedimentation and, in areas of 
local relief, soft-sediment deformation. Primary processes were dominated by fallout of 
ash aggregates with a limited range of physical properties (partially coalesced facies 
only) compared to ash aggregate fallout proximally. Also characteristic of this 
depositional environment was unusual lateral emplacement processes represented by 
cryptic ripple- and imbricate-bedded cross-stratified beds. 
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Table 5.3 Summary of associations of primary and secondary facies across the Rotongaio ash dispersal 
area. 
Lake Margin 
Proximal 
Dominantly 
secondary 
Dominantly 
primary 
Rafted pumice beds 
Planar and cross-
bedded ash 
Cross-stratified facies 
All ash aggregate facies 
Lapilli and coarse ash 
fall 
Syn-eruptive wave reworking at the 
margin of the pumice-covered 
Lake Taupo 
FlUctuations between primary 
accumulation of fall ash, shallow 
subaqueous deposition and wave 
reworking 
Vent-derived PDC, hybrid fall and 
lateral emplacement 
Liquid cohesion of fine particles 
from low wet plumes forming 
aggregates with a range of 
water/particle ratios 
Discrete fall from high plumes 
' ..... nu.u •• nn ...... usu ................... uu ............................ un ••• uu .. uu .... n •••••••••••••••••.. uunu ............ •••••••••••••• « ..... ~uuuu ........... u.u .......... u" ... u""""u" ...... n .. . 
Inner-Medial Variable mix of 
primary, modified 
primary and minor 
secondary facies 
Dominantly matrix-rich, 
partially-coalesced and 
agglutinate aggregate 
facies 
Microfluvial reworking 
Lapilli and coarse ash 
fall 
Cross-stratified medium 
ash beds 
Syn-eruptive rilling and 
gullying 
Range of ash aggregation styles 
and water/particle ratios 
Fluctuations in the water/particle 
ratio of accumulating ash 
aggregates 
Discrete particle fall from relatively 
dry plumes 
?Distal PDC runout, and local 
effects of surface winds 
Fluvial processes dominantly 
erosional from intense rainfall and 
runoff 
Slurry flow and Plastic deformation of wet ash 
liquefaction under the influence of gravity 
Tree-lodged pumices Incorporation of earlier erupted 
..................................................................................................................................................... !?!!~.i.~.~ .. P..~.T.!9.~ ............................................ . 
Outer Medial-
Distal 
Variable mix of 
primary, modified-
primary and 
secondary facies 
Dominantly partially-
coalesced aggregate 
facies 
Coarse ash fall 
Cross-stratified beds 
Dominantly secondary 
beds within channels 
Channelled fluvial 
resedimentation 
Limited range of ash aggregation 
styles. Decreasing variability of ash 
aggregation processes with 
distance from vent 
Discrete particle fall (on Rn-C axis 
only) 
Plume downbursts and strong 
surface winds 
Near-continuous flow of channelled 
water and fluvial reworking while 
primary deposition occurred 
undisturbed on interfluves Small-
scale rilling, and resedimentation 
by channelled surface flow, rather 
than direct rainfall 
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5.5 INTERPRETATION AND DISCUSSION 
In this section the eruptive mechanisms and depositional processes that operated during 
Rotongaio volcanism are further evaluated, interpreted and discussed. As with the 
Hatepe ash, specific themes to be addressed in this section are: 
1. the relative roles played by vent processes, plume transport, and processes at the 
site of deposition in establishing deposit characteristics 
2. the changes in Rotongaio primary lithofacies in time and space and how uniform 
were vent and plume processes, 
3. the relationship between primary and secondary lithofacies, and spatial and 
temporal changes in the nature of secondary lithofacies, and 
4. comparison of the Rotongaio ash with the pumiceous Hatepe ash. 
5.5.1 Nature of RotclIlgaio Volcanism 
On the basis 'of data and observations presented thus far it is possible to make some 
simple but important statements about the nature of Rotongaio volcanism, as a frame of 
reference for the discussions in the following sections. These are: 
1. the nature of the Rotongaio ash juvenile clasts indicate that it is the product of 
eruption of a gas-poor magma, ( , ( , U , (. 
2. with qualifications and reservations as below it is still clear that parts of the 
Rotongaio system were linked to high eruption plumes, 
3. fine stratification of the Rotongaio deposit indicates that eruptive activity was not 
sustained but involved multiple explosions, 
4. lack of one-on-one correlation of beds from the proximal to medial environment 
implies dispersal was not constant but, rather, that thinning rates varied widely 
between explosions, and 
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5. variability in textures of deposits implies a) rapid non-systematic changes in 
water/magma ratio at vent, and b) heterogeneity in particle and liquid 
concentrations of plumes. 
5.5.2 Vent Processes - Fragmentation 
Fragmentation and Eruptive Style 
As discussed in chapter 3, two end-member explosive eruption processes are 
distinguished on the basis of the mechanism and driving force of fragmentation; 
magmatic ('dry') eruptions driven by decompression and vesiculation of internal 
volatiles, and phreatomagmatic ('wet') eruptions driven by violent expansion of 
external volatiles derived from interaction of magma with an external source of water. 
From research over the last 10-15 years ithas emerged that most explosive eruptions are 
not true end-members and that the mechanisms of explosive eruptions define a spectrum 
of water/magma ratios. Juvenile clast morphology and vesicularity analysis are 
currently the main tools used routinely for assessing the relative role of external and 
internal volatiles during fragmentation (Wohletz 1986; Barberi et al. 1989; Houghton 
and Wilson 1989, Cioni et al. 1992). The vesicularity and morphology of juvenile clasts, 
c=j~_~~ohtrolled by the viscosity of magma on fragmentation, the history of gas-loss, and 
the timing of magma-water interaction relative to magma degassing history. 
Rotongaio Ash Vent Processes 
Houghton and Wilson (1989) contend that only lapilli-size juvenile clasts can be closely 
representative of the state of the magma immediately prior to fragmentation, and 
vesicularity analysis is Less meaningful for particles finer than about 8 mm. Therefore, 
in the Rotongaio ash this quantitative analysis was only possible for coarse fall facies 
samples from subunits Rn-C and Rn-G. However, qualitative comparison of juvenile 
fine fraction clast vesicularity for the other ash-rich Rotongaio facies was possible using 
SEM. The Rotongaio juvenile lapilli clast vesicularity distributions determined in this 
and previous studies are very similar and characterised by a very wide range of clast 
vesicularity values (0-65% vesicles) and means around 45% vesicles (see Fig 4.3, 
chapter 4). The Rotongaio ash vesicularity distributions differ significantly cO,mpared to 
the narrow range and much higher means (75-80% vesicles) measured in the end-
member, vesiculation-driven Hatepe and Taupo plinian deposits. Perhaps more 
importantly, the Rotongaio juvenile clast vesicularity popUlation is also quite distinctive 
compared to the broad range but high means (75% vesicles) measured in the Hatepe ash 
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(see chapters 2 and 3) and interpreted as a signature typical of interaction between 
actively vesiculating magma and external water (Houghton and Wilson 1989). In 
contrast to the Hatepe ash, the vesicularity and morphology of Rotongaio juvenile lapilli 
clasts suggest an eruptive mechanism involving brittle fragmentation of a 
heterogeneous, very viscous magma with only a minor contribution from internal 
volatiles. 
Samples from the 4 phi (63 11m) fraction of all fall facies through the entire Rotongaio 
stratigraphy were compared by SEM and component analysis (see section 5.2 and Fig 
4.3). Overall ash-sized clast morphology and vesicularity/i~~onsistent with brittle 
fragmentation of a very viscous magma with little contribution from internal volatiles 
(Heiken and Wohletz 1985, Cioni et al. 1992). 
The present fragmentation model for phreatoplinian volcanism based on studies of 
widespread pumiceous deposits invokes a two stage process (Self and Sparks 1978); an 
initial fragmentation by vesiculation, which produces a coarse lapilli-sized population, 
and subsequent magma-water interaction which generates an ash-sized population. 
There are two problems with this model for the Rotongaio ash. First, while there are 
facies with bimodal size distributions, these facies are a function of depositional 
processes and overall grain size is unimodal and cannot be divided into two simple size 
populations. Second, the Rotongaio magma was erupted past the peak of degassing and 
did not undergo significant vesiculation-driven fragmentation prior to magma-water 
interaction. 
Timing of Fragmentation 
Central to understanding the nature and timing of vent processes during Rotongaio 
volcanism is 1) the contrasting nature of Rotongaio juvenile material compared to the 
juvenile clasts in all other units of the Taupo eruption, 2) the timing of magma-water 
interaction relative to the ascent history of the Rotongaio magma, and 3) the origin of 
the heterogeneity within the Rotongaio magma implied by component and clast 
vesicularity analysis. Any model for Rotongaio vent processes must comply with three 
important constraints: 
1. geochemical studies which indicate the Taupo magma was uniform and that there 
was no pre-eruptive volatile stratification in the chamber to account for the switch 
from eruption of gas-rich magma in phases 1 to 3, to eruption of gas-poor magma 
in phase 4, and back to gas-rich magma again in phases 5 and 6 of the eruption 
(Dunbar etal. 1989a, 1989b; Sutton etal. 1995), 
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2. melt inclusion studies (Dunbar and Kyle 1992) which show that the dense nature 
. of Rotongaio juvenile clasts is not from deep quenching of weakly vesiculating 
magma but that the Rotongaio magma has undergone non-explosive degassing 
prior to fragmentation, and that the subsequent fragmentation took place at a 
shallow level «500 m), and 
3. evidence from this study that the Hatepe and Rotongaio units were erupted from 
separate sources, and that for a short period during the opening stages of 
Rotongaio volcanism there was simultaneous activity at both of these vents (Smith 
and Houghton 1995a, chapter 4). 
As noted in earlier discussions, factors one and two have always presented a challenge 
within the context of a single vent configuration for the Taupo eruption. Previous 
models have attempted to account for these factors by suggesting the Rotongaio ash was 
derived from a small dome extruded onto the lake floor between phases 3 and 5 
(Houghton and Wilson 1989; Dunbar and Kyle 1992). However, these models involve 
an unreasonably short time frame for degassing the Rotongaio magma. 
New evidence on the vent configuration and timing of phase changes during the Taupo 
eruption provide a solution to all these issues. As indicated by geochemical evidence 
magma for all phases of the Taupo eruption had a common petrogenetic history and 
initial volatile contents were similar and distributed homogeneously throughout the 
reservoir. However, this study contends that the Rotongaio magma represents that 
portion of the Taupo magma which evolved along a markedly different ascent path 
which controlled the style of subsequent degassing and eruptive style. It is inferred that 
the Rotongaio magma rose and resided in an initially blind northern conduit separate 
from the southern magma feeder system, which initially restricted magma rise but 
allowed gas release. During earlier phases of the Taupo eruption the Rotongaio magma 
was degassing passively, and interaction with water (and initiation of phase 4 
volcanism) then took place at a shallow level as magma ascended slowly. The low wall 
rock content of all Rotongaio samples suggest that the bulk of this interaction took place 
well within the Rotongaio cryptodome rather than along its margins, perhaps facilitated 
by fractures and joints within the brittle cooling intrusion which enabled water and lake-
sediment mixtures to penetrate, mix and interact effectively. 
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Magma Heterogeneity and Degassing Processes 
The wide range of vesicularity values for juvenile clasts in anyone sample and 
variations in vesicularity values between samples imply heterogeneity in the physical 
state of the Rotongaio magma (see Fig 4.3). This is in contrast to Hatepe volcanism in 
which the physical nature of the magma remained relatively uniform throughout (see 
chapter 3), and which is typical for most large-scale eruptions involving sustained 
discharge (e.g. Walker 1981c; Houghton and Wilson 1989). 
These variations in juvenile clast componentry up through the Rotongaio stratigraphy 
suggest a greater role WaS played by magmatic volatiles during certain stages of 
Rotongaio volcanism. Observations of many recent eruptions involving emplacement of 
degassing, viscous magma have highlighted the importance of periodic explosive phases 
in the emplacement history of dome lavas (e.g. Mt. St. Helens, 1980-; Unzen, 1991-; 
Merapi, 1994-, Montserrat 1995-). Studies examining groundmass microlites within 
recently-emplaced dome lavas (e.g. Klug and Cashman 1994; Hammer and Cashman 
1995; N akada et al. 1995) provide some insight into eruptive mechanisms of viscous 
magmas undergoing degassing at the surface and shallow subsurface which are directly 
relevant to Rotongaio volcanism. Microlites (acicular crystals <30 Jlm diameter) are 
cornmon features in the groundmass of dome lava samples from a number of volcanoes 
and are the result of undercooling during degassing events (Geschwind and Rutherford 
1995). The growth of microlites significantly affects magma rheology by increasing 
viscosity (Klug and Cashman 1994). Increases in magma viscosity will tend to reduce 
permeability and inhibit gas loss and can promote development of excess fluid pressures 
even at shallow levels (Sparks 1997). Local increases in pressure can result in the onset 
of short-lived non-sustained magmatic explosions which, although localised, can disrupt 
and fragment surrounding gas-poor portions of the dome or magma column, and 
generate an eruption plume. Also, these explosions may initiate a feedback system 
whereby sudden decompression triggers degassing which promotes microlite growth 
deeper in the system which in tum generates locally high gas pressures. Differences in 
diffusion rates mean that volatile loss is not uniform throughout the magma body and 
heterogeneities develop with time and throughout the viscous magma as degassing 
progresses. 
Microlites are common within Rotongaio juvenile clasts and it is likely that these kinds 
of processes operated during the degassing history of the Rotongaio magma and 
contributed to fragmentation mechanisms. Distinguishing those clast populations 
fragmented purely by magma-water interaction versus those fragmented by 
contributions from small-scale magmatic events due to locally high gas pressures, is 
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difficult on the basis of clast morphology alone. While the driving mechanism for both 
of these modes of explosion is distinctive, the style of fragmentation is probably very 
similar because of the very viscous nature of the cooling, degassing magma. Detailed 
petrographic studies of juvenile clasts sampled from throughout the Rotongaio subunit 
stratigraphy may provide some further insight into variations in the physical nature of 
the Rotongaio magma in space and time. 
5.5.3 Plume Processes - Transport and Deposition 
Discrete Particle Fall 
Plinian-style plumes produced by large-scale magmatic eruptions are relatively dry 
(liquid- and water vapour poor), and coarse particles of the eruption assemblage are 
transported and sedimented from these plumes largely as discrete clasts. The distance 
clasts travel from source is controlled by plume height, wind conditions and according 
to individual particle size, shape and density. The result is that particles are efficiently 
separated in the plume according to terminal fall velocity resulting in progressive 
fractionation of clast popUlations with distance. 
Discrete Fall in the Rotongaio Ash 
Grain size properties of the fines-poor coarse fall facies of the Rotongaio ash are similar 
to the grain size patterns of end-member dry deposits and consistent with deposition 
from relatively dry plumes in which most of the clast population was transported and 
deposited as discrete particles. Fines-bearing coarse fall and bimodal coarse ash and 
aggregate facies have grain size characteristics indicative of mixed mechanisms of 
transport and deposition involving a combination of discrete particle fall for the coarsest 
particles (typically greater than 250 /lm), and wet particle and electrostatic aggregation 
for the finer clast populations. As with the similar mixed process depositional facies of 
the Hatepe ash the key to the genesis of these facies is the source of the fines 
component. This is addressed in the following section which deals with ash aggregation 
processes during Rotongaio volcanism. 
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Ash Aggregate Fall 
Styles and Mechanisms of Ash Aggregation 
A detailed review of ash aggregation is presented in chapter 3, and aggregate structures 
and mechanisms of aggregation are only summarised here for the purpose of discussing 
the Rotongaio aggregate facies. 
Particle aggregation is recognised as a fundamental process in the transport and 
deposition of pyroclasts within wet phreatomagmatic plumes, and the ubiquitous 
presence of accretionary lapilli and mud lumps within a fall deposit is considered 
diagnostic of a phreatomagmatic eruption style. Aggregation is probably important for 
all particles finer than 100 11m in all eruption plumes (Gilbert et al. 1991) and a range of 
aggregation styles and structures is now recognised and c1assified on the basis of the 
water/particle ratio of the aggregate and the mechanism of particle cohesion. Dry 
aggregates form by electrostatic attraction when water/particle ratios are very low, and 
consist of low density, loosely-bound clusters of grains. Accretionary lapilli and mud 
lumps are equant structures formed by cohesion of liquid coated particles when 
water/particle ratios in eruption plumes are moderate to high. The ubiquitous occurrence 
of such aggregate structur~are~cb;llsidered diagnostic of involvement of water at the 
vent. However, mud lumps have been observed during fallout from relatively dry 
plumes when the ambient humidity was very high (Gilbert and Lane 1994). Mud rain 
represents the very wet end of the aggregation spectrum and consists of droplets of ash-
charged water which are capable of scavenging a wide range of particle sizes. 
Aggregation in the Rotongaio Ash 
The Rotongaio ash stratigraphy is dominated by multiple beds of very fine ash, even in 
the most proximal sections. In most of these fine grained beds mud lumps and other 
textures and structures indicative of particle aggregation are observed. Intact aggregates 
(mud lumps) are typically small (always <6 mm, usually 1-2 mm)/, and soft, and 
I 
consequently difficult to extract intact from beds. Mud lumps and aggregation indicator 
facies are recognised throughout the entire dispersal area of the Rotongaio ash implying 
that particle aggregation was operating consistently throughout the Rotongaio plumes, 
over an area greater than 15 000 km2 • This advocates a mechanism of aggregate 
formation inherent to the internal nature and dynamics of the Rotongaio plumes 
(volcanogenic) and not as the consequence of external, transient meteorological factors. 
Chapter 5 Rolongaio Ash - Eruptive Mechanisms and Depositional Processes 256 
Matrix-supported mud lumps 
As with this same facies in the Hatepe ash the relationship of the massive ash matrix 
and the floating mud lumps is basic to understanding processes in the plume during 
transport and deposition of this facies type. This facies in the Rotongaio ash is 
obviously of fall origin and the matrix does not represent a laterally emplaced 
component (cf. Rosi 1992). The question that arises is whether the mud lumps and 
matrix are a mixed fall product from separate plumes, or perhaps a function of 
heterogeneous depositional process from a single plume. Grain size properties of the 
intact mud. lumps are identical to the surrounding matrix suggesting that the ash matrix 
material was transported and deposited as aggregates but these structures were 
destroyed on emplacement. Eyewitness accounts of ash fall from eruption plumes 
indicate that relatively dry mud lump and accretionary lapilli aggregates typically 
crumble on impact (Gilbert and Lane 1994). The matrix-rich facies is interpreted as the 
product of simultaneous deposition of mud lumps with a range of water/particle ratios 
which controlled the physical response of aggregates as they accumulated. 
Clast-supported mud lumps 
The matrix-poor, clast-supported mud lump facies is the product of short-lived intervals 
involving fallout of mud lump aggregates with only a narrow range of water/particle 
ratios. These structures had moderate water/particle ratios and were relatively dense 
which enabled these aggregates to retain structural integrity on deposition. These dense 
intact mud lumps of this and the matrix-rich facies are the result of travel paths and 
plume residence times which were longer compared to coalesced and destroyed 
aggregates (Gilbert and Lane 1994). 
Partially-coalesced mud lumps 
The partially-coalesced mud lump facies represents aggregate fallout dominated by wet 
mud lumps with moderate to high water/particle ratios. The uniform 'vesicularity' 
throughout discrete beds of this facies suggest coalescence was due to plastic 
deformation of wet mud lumps immediately as they were accumulated, rather than the 
subsequent wet transformation of a clast-supported mud lump bed by rainfall or acid 
mud rain (cf. Rosi 1992). Thin, laterally continuous intervals of this facies within clast-
supported mud lump beds may indicate minor fluctuations with time in the 
water/particle ratio of the accumulating mud lumps, or wet transformation from short-
lived episodes of rain or mud rain fall. 
Mud rain and mud lump agglutinate 
This facies is distinguished by massive, very dense, often well-indurated beds which 
have identical grain size characteristics to samples of the other ash aggregates facies. 
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Beds of this facies are closely associated with the other aggregate facies beds and are 
interpreted as an ash fall facies resulting from agglutination of very wet ash. Three main 
associations are recognised equating to three modes of ash agglutination: 
1. thin agglutinate horizons with sharp upper contacts and irregular bases transitional 
into partially coalesced and(or) clast-supported beds, 
2. Packages of thin, paired beds (1-2 cm) comprising regular alternations of soft, 
partially coalesced mud lumps and dense, indurated mud lump agglutinate beds, 
and 
3. discrete, well-indurated agglutinate intervals with local microfluviallenses. 
The grain size of all these beds is very similar (at anyone site) to the grain size of ash 
beds with intact mud lumps present. It is reasonable to infer, then, that the different 
characteristics of these beds are the consequence of (perhaps subtle) controls on the 
physical behaviour of aggregates on accumulation. 
The first is interpreted as secondary wet transformation by rain compaction of partially-
coalesced and clast-supported beds. Similar rain compacted surfaces have been 
observed in newly accumulated ash fall beds during eruptions of White Island, New 
Zealand (B Houghton pers. comm. 1995). 
Agglutination in the second and third associations is considered primary, and the 
consequence of accumulation of mud lumps. with very high water/particle ratios and 
mud rain fallout when the plume was rich in liquid water droplets which scavenged 
particles. The second association records regular fluctuations in the degree of mud lump 
agglutination reminiscent of texture variations in welded strombolian fall. As an 
analogy with welding processes in proximal magmatic fall deposits, the agglutination of 
mud lumps must have been controlled by both the water/particle ratio of the aggregate 
assemblage (equivalent to heat for welding agglutination), and the accumulation rate of 
the mud lumps. Simple geomechanical tests of the rheological behaviour of Rotongaio 
ash samples suggest values between 15 and 20 wt. % water were typical for the plastic 
behaviour of partially coalesced mud lumps, and that at values around 20 to 25 wt. % 
water the Rotongaio ash is capable of liquid behaviour. Specific intervals can be 
correlated over short distances (a few hundred metres) within the proximal and inner-
medial environments. This facies is not identified beyond the inner-medial environment 
suggesting that the fundamental controls on this mode of aggregate accumulation 
changed with distance from source. 
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The third agglutinate facies bed type is the consequence of discrete and prolonged 
episodes of very wet aggregate and mud rain fall produced when liquid water droplets 
scavenged particles in the plume. Local microfluvial lenses record ephemeral shifts in 
the balance of accumulation versus reworking caused by perhaps only subtle variations 
of water/particle ratios. The characteristic induration of these beds is attributed to 
cementation by acid species. Mud raindrops collected at Sakurajima during a number of 
eruptions were found to have very low pH «1) and high dissolved chlorine and 
sulphate contents indicating efficient scavenging within the plume by the liquid drops (J 
Gilbert pers. comm. 1997). 
Mud lump-free ash beds 
Beds of the fine ash facies are massive and exhibit no intact mud lumps or other 
aggregate structures. As discussed in chapter 3 the absence of aggregate structures does 
not preclude transport and deposition by fine particle aggregation. In fact, observation 
of historic eruptions (Gilbert and Lane 1994) and experimental work on aggregate 
generation (Schumacher 1994) demonstrate that particles finer than about 200 Jlm in all 
volcanic plumes (irrespective of eruptive style) are susceptible to cohesion and 
transportation as aggregates. The grain size properties of the mud lump-free Rotongaio 
beds are only subtly different from those of the mud lump-bearing ash aggregate facies; 
mud lump-free beds are slightly better sorted but otherwise median diameters and 
changes in size popUlations with distance are quite similar. The mud lump-free fine ash 
beds are interpreted as the products of relatively dry aggregation involving transport and 
deposition of a combination of weak electrostatically-bound clusters and relatively dry 
mud lumps (low liquid/particle ratios) with weak fluid bridges that disintegrated on 
impact. 
Fines-poor coarse fall facies 
Overall, the grain size characteristics of this facies suggest relatively dry vent and 
plume conditions compared to the ash-rich fall facies. However, clast vesicularity and 
componentry testify to a continued and significant contribution from external waters at 
the vent as a source of volatiles, but an amount apparently insufficient to significantly 
influence the style of particle transport and deposition. No physical aggregates are 
preserved in this facies and the relatively weak and laterally-variable fines component 
of this facies are probably the consequence of contamination from settling of later 
erupted wet ash into the loose, porous deposits of these beds. 
Fines-bearing coarse fall 
The general nature and occurrence of this facies is very similar to the fines-bearing 
coarse fall deposits of the Hatepe ash. The presence of mud lumps and mud lump 
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coalescence textures attest toa mechanism of particle aggregation for the fine fractions 
involving cohesion of liquid coated particles. As with this facies in the Hatepe ash, in 
the Rotongaio ash the fines-bearing facies occurs as the basal bed of subunit Rn-C, but, 
unlike the Hatepe ash, distribution of the Rotongaio facies is relatively uniform and 
broadly similar to that of the associated fines-poor facies of Rn-C. Possible plume 
scenarios for this facies are: 
1. short-lived fluctuations in the height of a single Rn-C eruption plume, resulting in 
mixing of size populations with different terminal fall velocities, 
2. a single plume source with fine particle aggregate fallout promoted by high 
ambient humidity, passing rainshowers, and/or plume moisture and electrostatic 
attraction, and 
3. mixing of earlier erupted wet, fine ash with relatively dry, discrete particle fallout 
from the Rn-C plume(s). 
Unlike the Hatepe ash, intact mud lumps are very small and rare in this Rotongaio 
facies and cannot be extracted for detailed measurement. However, comparison at inner-
medial sites of maximum lapilli size (15-20 mm, approx. TFV 12-14 m/s) and 
maximum intact mud lump size (2 mm, approx. TFV 4-5 m/s) makes it apparent that 
these two clast populations are not aerodynamically equivalent. Therefore, an origin 
similar to the Hatepe fines-bearing coarse fall facies is postulated (scenario 3) involving 
mixing of damp to wet aggregate fallout from a wet plume, slowly dispersing at low 
(tropospheric) levels, with later erupted discrete particle fall material dispersed from a 
high (~25 km), relatively dry stratospheric plume. 
Mixed discrete and aggregate particle fall 
The bimodal character of this facies is similar in form to the fines-bearing coarse fall 
facies and invokes a similar mixed depositional origin involving contemporaneous 
accumulation of a coarse particle population transported and deposited as discrete 
particles, and a fine grained population transported and deposited as aggregates. As with 
the previous facies, the key issue for interpreting this facies is the origin of the two clast 
populations and whether they were derived from different depositional processes within 
a single plume or have separate origins and were mixed during transport and deposition. 
An important difference between this facies and the fines-bearing coarse faB facies is 
that in this facies the maximum juvenile clast sizes in proximal sections are more 
closely similar to the sizes of the (rarely observed) intact mud lumps that comprise the 
fine grained matrix. Estimates of terminal fall velocities for the coarse clasts (6-7 m/s) 
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and mud lump aggregates (4-5 m/s) are sufficiently similar to invoke a common 
transport history, and the coarse popUlation is probably the result of transient and small-
scale fluctuations in water/magma. 
Ash aggregation processes in space 
Despite the difficulty of correlating specific beds over distances greater than about 10 
km, characterisation and interpretation of ash aggregate facies allows some general 
observations about the nature of ash aggregation processes in space. Some of the 
important points are: 
1. the absence of clast-supported mud lump facies beds and dense, intact mud lumps 
beyond the proximal environment, 
2. the absence of indurated mud lump agglutinate beds beyond the inner-medial 
environment, and 
3. the dominance of the partially-coalesced mud lump facies in outer-medial sections 
and beyond. 
4. Vertical variations on a small-scale and alternations of aggregate facies types in 
the proximal environment demonstrate that the controls on/tyle of aggregate "' .. 
formation (liquid/particle ratio) and rate of accumulation were not uniform and 
could oscillate over short time frames, and 
5. The lateral changes in aggregate facies types across the Rotongaio dispersal area 
indicate that conditions of aggregate formation were also heterogeneous in space, 
and that the nature of the plume assemblage evolved with distance. 
Lateral Emplacement 
Concepts and Terminology 
The traditional view of primary pyroclastic units recognises three archetypal deposits 
(fall, flow and surge) which correspond to three discrete and distinctive mechanisms of 
transport and emplacement. Flow and surge deposits represent the products of two 
distinct styles of lateral emplacement. Within this traditional view surges are considered 
to be pyroclastic density currents (PDq in which the clast support medium is gas, 
particle concentration is low, and transport is laminar to turbulent. The presence of 
tractional structures in a pyroclastic deposit (indicative of bedload transport) is 
considered diagnostic of emplacement by surge. Increasingly, field and experimental 
" ) 
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studies are revealing a range of features that do not sit easily within the three traditional, 
discrete fields of pyroclastic deposition. For example, the boundary between flow 
(ignimbrite) and surge deposits has slowly dissolved through the recognition that a 
range of flow processes and depositional regimes is possible within a single pyroclastic 
density current (Druitt 1992). In the context of this study, facies have been identified in 
the Rotongaio ash whose nature and occurrence cannot be easily accommodated in 
terms of process within either of the conventional fall or surge concepts, and there are 
good grounds for inferring a continuum between these end-member types. 
For phreatomagmatic volcanism there are specific issues relating to surge terminology 
because laterally emplaced beds comprise such a significant component of the facies 
architecture of proximal phreatomagmatic deposits. This presumably is a function of the 
usually obstructed vent conditions that prevail during phreatomagmatic eruptions, the 
inherent instability of dense, water-rich plumes (Koyaguchi and Woods 1996), and the 
pulsatory and heterogeneous nature of phreatomagmatic eruptions (Brown et al. 1994; 
White 1997). Traditionally, primary pyroclastic density currents associated with 
phreatomagmatic eruptions have been referred to as base surges. The base surge concept 
arose out of observations of nuclear bomb test explosions in which ground-hugging 
clouds of particles were recorded emanating from around the base of the rising fireball, 
and similar phenomena were subsequently observed in the phreatomagmatic eruptions 
of Capelinhos 1957-58 and Taal Volcano Island 1965-66 (Moore 1967; Waters and 
Fisher 1971). 
From this original concept, base surges were considered to be dilute, turbulent density 
currents that produced planar and cross stratified beds and, because of the gas-support 
mechanism, were short-lived flows with runout distances typically much less than 5 km. 
In phreatomagmatic eruptions these base surge type density currents are considered to 
originate from lateral blasts during shallow explosions, from collapse around the 
margins of rising columns, and from lateral flow generated by fallback of material 
during small, vertically-directed explosions. However, there is no clear definition for 
these processes and confusion exists about the exact nature of mechanisms involved. 
For example, the jetting of tephra on ballistic trajectories (rooster tails or cypressoidal 
jets), important in the construction of tuff cones and commonly observed during small-
scale interactions involving abundant surface water (surtseyan-style), are often included 
as part of the base surge phenomenon. However, the products of this jetting are 
typically thickly-bedded and poorly sorted indicating high particle concentrations and 
rapid rates of accumulation which are inconsistent with emplacement from dilute gas-
driven density currents. 
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Considering the uncertainty that exists over terminology and the recognition of new 
modes of deposition within the fall-surge spectrum, in this thesis the general category of 
lateral emplacement is preferred over the term surge. This category encompasses all 
primary deposits within the Rotongaio ash which show evidence for a significant 
horizontal component during emplacement. This includes cross-stratified facies within 
the medial and distal Rotongaio stratigraphy which cannot be explained by any 
conventional vent-derived density current phenomena. 
Rotongaio Ash Proximal Lateral Emplacement Processes 
Proximal pyroclastic density currents 
Cross-stratified beds comprise a substantial component of the proximal Rotongaio 
stratigraphy. Detailed facies analysis of proximal cross-stratified beds has identified two 
main lateral emplacement mechanisms in the Rotongaio ash; 1) primary vent-derived 
PDC, and 2) hybrid beds produced by mixed lateral and fall components. Evidence of a 
primary PDC origin include wavy bed geometry, lateral continuity of beds and well-
developed internal cross stratification. Three distinct types of PDC facies are recognised 
on the basis of bedding structures (lenticular-bedded, fines-poor, fines-rich) which 
imply a range of PDC with different transport and deposition regimes. These beds occur 
throughout the Rotongaio proximal stratigraphy but it is very difficult to correlate some 
beds between even closely-spaced sections. The laterally variable nature of the 
Rotongaio PDC facies, and the fine interbedding (often with diffuse transitional 
contacts) of mud lump fall and cross-stratified PDC beds, suggest Rotongaio PDC were 
relatively localised flows, generated by variably-directed lateral explosions or small-
scale collapse around the margins of an otherwise convecting and buoyant plume. There 
is no evidence for PDC generation by episodes of whole-column collapse. 
The overall fines content of phreatomagmatic density current deposits, the extent to 
which particle populations have been segregated into discrete beds, and the presence of 
tractional structures are used as first order constraints on the nature of the associated 
density currents and whether water (liquid and vapour) played a significant role in 
current dynamics (Walker 1984). The presence of water liquid and vapour in a density 
current increases cohesion between fine particles and inhibits the segregation of very 
fine ash. The result is higher particle concentrations and a change from a simple, gas-
solid dispersion to a complex gas-solid-liquid assemblage which significantly changes 
the dynamics of the transport and deposition regimes. Consequently, a crude two-fold 
division of dilute phreatomagmatic PDC is usually made and deposits are distinguished 
as either 'dry' or 'wet'; fines-poor, well stratified deposits with dune structures are 
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interpreted as the product of 'dry', superheated PDC (surge), and fines-rich, massive to 
weakly-bedded deposits with accretionary lapilli and soft-sediment features are inferred 
to be the product of 'wet', cool PDC (surge). The nature and dynamics of 
phreatomagmatic PDC are poorly understood and the terms 'wet' and 'dry' have not 
ever been defined in any quantitative way. 
Within this poorly constrained context, the Rotongaio fines-poor, cross-stratified facies 
is indicative of relatively dry conditions during lateral transport and deposition from 
vent-derived PDC. Within these simple two-component (gas-solid) density currents 
fines were able to segregate efficiently from the tractional deposition zone at the base of 
the current to accumulate as fallout between separate currents. Fines-rich beds are 
massive to diffusely wavy-bedded and were probably generated by PDC with higher 
liquid contents which inhibited the segregation of fines during the passage of the 
current. The presence in this facies of rare, incipient ripple structures developed over 
relief of a few millimetres, suggest that changes in the conditions of transport and 
deposition were possible over very small spatial scales. Cole (1991) has shown that a 
range of depositional structures is possible from single currents due to changes in the 
transport and deposition regime over very short distances. 
Lenticular-bedded intervals with alternating fines-rich and fines-poor intervals are more 
difficult to interpret. Discontinuous fines-free medium ash lenses and partings separate 
fine and very fine ash intervals. Some of the fines intervals are mantling, laterally 
continuous and clearly of fall origin. Others, however, exhibit diffuse internal 
laminations and appear transitional in nature between fines-free lenses and the massive 
very fine ash beds. A number of possible models are proposed for the origin of this 
cross stratified facies type: 
1. PDC emplacement during ash aggregate fallout with fines content and 
stratification of individual layers determined by Huctuations in competing rates of 
PDC accumulation versus fall deposition, or 
2. numerous, closely-spaced PDC with fluctuating velocity and particle 
concentrations in successive currents, or 
3. fluctuating conditions of transport and deposition (velocity and particle 
concentration) during the passage of a single sustained, yet unstable current. 
Valentine and Giannetti (1995) have described pyroclastic beds at Roccamonfina 
volcano, Italy deposited by simultaneous fallout and density current (surge) processes. 
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In the Roccamonfina situation the fall beds are plinian-style coarse pumice layers in 
which extreme bed thickness variations are interpreted as modification caused by 
settling of clasts from a buoyant plume through a ground hugging density current cloud. 
While the nature and relationships at Roccamonfina are not directly analogous to the 
Rotongaio beds, intuitively this model seems reasonable as interaction proximally 
between laterally and fall emplaced elements is likely if buoyant plumes are maintained 
during emplacement of PDC from plume margins. 
Cole (1991) and Druitt (1992) have shown that a range of flow regimes is possible in 
space within a single density current. In the Rotongaio ash there is evidence for 
variation in depositional conditions over narrow distances (a few centimetres) in single 
PDC which were in response to very small-scale changes in relief. The lenticular 
bedded facies records rapid fluctuations in depositional conditions over short time 
intervals. What is less certain is whether the contrasting beds of this facies are the 
product of multiple currents emplaced under different conditions, or from fluctuating 
conditions during continued deposition from a single, but unstable current. The lack of 
sharp contacts between most beds of this facies suggests an origin involving fluctuating 
conditions of transport and deposition during deposition from a single unsteady current. 
Proximal hybrid beds 
Hybrid fall and lateral emplacement beds are identified by the occurrence of 
discontinuous lenses and diffuse wavy partings of medium ash within mud lump 
bearing mantle-bedded intervals. These occurrences are unlike all the other proximal 
cross-stratified facies and represent a 'modified-primary' texture, with a weak transient 
lateral component imparted to otherwise normal fall depositioIlf)by strong low-level 
winds or from interaction with dilute density current run-out. 
Medial Lateral Emplacement Processes 
Here the cryptic but common occurrence of cross stratification in medial Rotongaio ash 
is evaluated. Cross stratification in medial sections of the Rotongaio ash presents a 
major challenge for interpretation in terms of conventional pyroclastic mechanisms as 
most of the occurrences are too far from source for the beds to be a product of primary 
vent-derived phenomenon. Two main associations were identified and described in 
section 5.2; imbricate-bedded association, and depression-confined segregated beds. 
Imbricate-bedded association 
Cryptic, imbricate-bedded, very fine ash wedges occur at a number of levels within 
subunits Rn-B, Rn-D and Rn-E. At localities where there is relief on the underlying 
surface these foreset-like beds trace laterally into fines-depleted, dune-bedded medium 
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ash. The basal contact of these beds is not erosive and the grain size characteristics of 
the fines-depleted dune beds is unlike any secondary fluvial material found elsewhere in 
the Rotongaio ash. Considered in isolation, the very fine ash imbricated beds were 
initially interpreted as soft-sediment features. However, the lateral correlatives of the 
imbricated beds show well-developed fines-depletion and tractional bed forms 
indicative of deposition laterally from dilute, very turbulent suspensions, and attest to a 
common genesis for both beds types by some lateral emplacement mechanism. 
What is less certain is the exact nature and dynamics of this lateral emplacement 
process. A vent-derived density current can be excluded as the most proximal of these 
localities is more than 15 kilometres from the Rotongaio source vent and the medial 
occurrences cannot be traced back to similar beds in the proximal stratigraphy. A 
remarkable feature of this cross-stratified association is the dramatic transformation of 
textures and structures that occurs over very short distances. All the samples shown in 
Fig 5.25 have accumulated simultaneously from the same depositional assemblage but 
over the space of 2 metres a single bed portrays a progressive transformation from very 
fine ash with a mode at 6 phi (15 11m), to well sorted, fines-depleted medium ash with a 
mode at 3 phi (90 Ilm). The fine grained beds imply wet, cohesive conditions during 
emplacement and, yet, 2 m laterally, the depositional regime was apparently 
simultaneously dry and tractional. Three possible scenarios for lateral emplacement in 
the medial environment are proposed on the basis of observations of historic eruptions 
and from physical modelling of particle-laden plumes (Fig 5.36): 
1. modification of aggregate fallout by addition of very high horizontal velocities 
induced by wet plume-derived whirlwinds and downbursts, 
2. plume-derived, dilute but turbulent density currents, formed from collapse of 
portions of the umbrella region due to convective instabilities in plumes (Carey et 
al. 1988), and 
3. high energy, low-level winds external to the plume which imparted a strong 
horizontal component and modified fallout of wet ash. 
During eruptions at Surtsey, Thorarinsson and Vonnegut (1964) observed the downwind 
dispersal of the stearn-rich, ash-bearing plumes and recorded the generation of 
numerous whirlwinds and convective downbursts concomitant with ash fall (Fig 5.36). 
Plumes generated by magma-water interaction at Surtsey were relatively small-scale but 
vortices from these plumes were vigorous and typically multiple vortices were seen to 
descend from each plume. Such whirlwinds and downbursts were the direct 
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consequence of vigorous thermal convection driven by latent heat from phase changes 
of water within the plume. It was noted at Surtsey that the frequency and intensity of 
whirlwinds was roughly proportional to the intensity of the eruption and, therefore, the 
flux of water as vapour and liquid into the plumes. It is proposed that in the Rotongaio 
eruption, generation of vapour-rich plumes on a large-scale would have been fertile 
sources of convective energy and that high energy winds may have been spawned 
periodically from plumes modifying 'normal' ash fall processes and creating small 
localised density currents. 
Physical modelling of particle-laden plumes has indicated that very rapid sedimentation 
from portions of the umbrella region of otherwise buoyant plumes may be an important 
mechanism of density current generation (Carey et at. 1988). From these plume 
experiments it was determined that inhomogeneous particle concentrations within 
plumes can induce significant convection and cause localised gravitational instability. 
The result is the rapid descent of particle-rich parcels of material from the plume which 
sediment out dense showers of material at rates far above that predict by Stokes law for 
the individual particles within the showers (Carey et at. 1988). Localised and short-
lived density currents are likely where particularly concentrated showers land and 
spread out laterally (Fig 5.36). Branney (1991) has invoked plume-derived density 
currents to account for low angle truncations in finely laminated medial deposits of the 
phreatoplinian Whorneyside Tuff. In the wet and heterogeneous Rotongaio plumes it 
seems reasonable to assume that density-induced instabilities would have been 
important, and that, periodically, dilute but turbulent density currents could have been 
generated locally from the fallout of particle-laden batches of wet ash. 
Altematively, the energy source for the horizontal component of the depositional vector 
may have been external to the plume, from strong low-level and surface winds. At times 
during ash eruptions from Ruapehu in 1996, very strong winds were blowing close to 
ground level, and this imparted a high energy horizontal component to the 'normal' 
vertical fall of ash, and resulted in deposition of wet ash on vertical surfaces (Fig 5.36). 
The effect of strong surface winds on fall emplaced material has also been recognised in 
some prehistoric deposits on the basis of hybrid 'surge-like' bedforms (e.g. Wilson and 
Self 1990). 
This medial cross-stratified facies association occurs at similar stratigraphic levels at a 
number of isolated localities, implying that what ever the mechanism it operated at a 
number of discrete points simultaneously. This would argue against an external surface 
wind origin which could be expected to affect large parts of the dispersal area 
simultaneously but also uniformly. The occurrence of this facies association in space 
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and time supports the suspicion that this medial cross stratified facies association is the 
consequence of some plume-derived phenomenon. 
Depression-confined segregated beds 
In a number of medial and distal localities, cross stratification and fines segregation is 
developed locally above steep depositional surfaces and in small depressions. However, 
unlike the beds described above these cross-stratified beds trace lateraJly into planar 
normal ash fall beds. As discussed above, cross stratification in medial and distal 
widespread fall deposits poses a problem for conventional depositional interpretations. 
The occurrences along Te Arero Stream (localities 9 and 11, 10 km from source) can 
reasonably be attributed to the distal influence of vent-derived PDC run-out. However, 
the other occurrences, which are very differen(to~he imbricate beds discussed above 
are over 20 km from the Rotongaio source vent and cannot be the product of 
conventional vent-derived PDC. This cross stratification and segregation occurs mostly 
within the mud lump-free, relatively well-sorted intervals of subunits Rn-E and Rn-F 
which are interpreted as relatively dry aggregate fall. These aggregates were probably 
loosely-bound and the resulting deposit relatively non-cohesive and, hence, able to be 
remobilised and saltated by strong surface winds. 
Lateral Variations in Clast Populations 
Previous descriptions of widespread phreatomagmatic fall deposits have emphasised the 
lack of any grain size variation with distance from source. The apparent uniforrnity of 
these deposits is taken as an indicator that conditions and depositional processes change 
little as phreatomagmatic plumes disperse. However, in the Hatepe ash, an unexpected 
amount of variation in fine grained beds was revealed by sampling of correlative beds 
over a distance of only 50 km. This unusual 'coarse-shift' of Hatepe ash aggregate grain 
size modes (see chapter 3) indicates that in Hatepe phreatomagmatic plumes, conditions 
and the style of particle transport and deposition, changed with distance. 
In the Rotongaio ash, detailed grain size sampling has also revealed systematic lateral 
variation in all fall facies beds. Similar to the Hatepe ash, two main particle size 
transformations are evident, equating to the two main modes of particle transport and 
deposition - discrete and aggregate particle fall. As with the Hatepe ash coarse fall 
facies and typical plinian deposits, the Rotongaio coarse fall populations fine 
progressively with distance indicating relatively dry plume conditions which favoured 
discrete particle fall. Lateral variation in Rotongaio ash aggregate populations is more 
muted than the coarse-shift of Hatepe aggregate beds. The range of particle sizes at any 
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one. site decreases, and correlative beds show progressive steepening of mode~ (due to 
loss of very fine grained (sub 11 J-lm) and >250 J-lID material. 
5.5.4 Syn .. and Post-Depositional Processes 
A diverse range of syn- and post-depositional products are intercalated at a variety of 
scales with a variety of primary lithofacies in the Rotongaio stratigraphy. The close 
association highlights the syn-eruptive nature of these secondary processes and 
demonstrates that primary and 'secondary' processes were not separate in time or space 
during Rotongaio volcanism. An implication is that the nature of primary eruptive 
processes (within the vent and plume) had an influence on the style and extent of 
secondary modification. In some cases 'secondary' processes were not discrete events 
but appear have been part of a spectrum of depositional processes influenced by the 
liquid/particle ratio and inherent to the style of volcanism. This raises a number of 
issues about the timing of primary deposition and 'secondary' modification during 
Rotongaio volcanism, and about what exactly constitutes primary versus secondary 
material in the Rotongaio ash. Some themes to address in this discussion are: 
1. the degree to which 'secondary' features are related directly to vent and plume 
processes versus external conditions unrelated to the sty Ie of volcanism. 
2. what the conditions were that favoured fluvial erosion and reworking versus mass 
flow and soft sediment deformation, versus primary accumulation, 
Lateral Variability of Secondary Facies 
At outcrop scale the Rotongaio ash can exhibit an almost overwhelming level of 
heterogeneity. Primary and secondary facies can be interbedded on a millimetre scale 
and co-exist at the same stratigraphic level over lateral distances of a few centimetres. 
Additionally, there may be significant variability in the style of secondary deposits at a 
single site, and lithofacies can range from simple plastically deformed beds of variable 
thickness, to fluvial reworked lenses and slurry-flow-infilling over the space of a few 
centimetres. In these situations there is a clear relationship expressed between pre-
existing outcrop-scale relief and secondary lithofacies type, with fluvial rills, 
resedimented material, and soft-sediment flow dominantly developed where the unit has 
draped and infilled depressions in the underlying surface. The nature and extent of this 
relief was largely established during the intense gullying episode at the close of Hatepe 
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volcanism, which has controlled the extent and distribution of subsequent rilling 
episodes during Rotongaio volcanism. 
This heterogeneity at such a fine scale makes it a daunting proposition to attempt to 
quantify the nature of secondary processes in the Rotongaio ash. However, some broad 
patterns have emerged from detailed facies analysis and assessment of 'primary grade 
values for each subunit throughout the dispersal area. From these patterns some 
inferences can be made about the contributions from vent, plume, and local conditions 
to the nature and style of secondary modification. 
Soft Sediment and Slurry Flow Processes 
Soft sediment and plastic deformation of Rotongaio ash beds was a function of the yield 
strength of individual wet ash layers. This was influenced by a combination of the 
liquid/particle ratio of the ash assemblage on accumulation, the angle of the depositional 
surface and probably also the amount of ground shaking from eruptive activity. Beds of 
the partially-coalesced and mud lump agglutinate facies, with liquid contents between 
15 and 25 wt. % water had the greatest propensity for undergoing soft-sediment 
deformation and slurry-flow. Variations in the nature of plastic deformation are evident 
at single outcrops in response to small scale relief, but distribution of the ash aggregate 
agglutinate facies and intra-bed micro fluvial reworking indicate that plume 
liquid/particle ratios were also variable over larger scales. The close association of soft 
sediment and microfluvial facies indicate that at times there was a critical balance 
between primary accumulation and the nature of secondary modification controlled by 
the relative rate of ash accumulation, the liquid/particle ratio of the pyroclast 
assemblage, and conditions at the site of deposition. Evaluation of the primary grades 
across the dispersal area show no systematic regional scale variations that could be 
interpreted as the consequence of systematic changes in the nature of wet ash fall from 
Rotongaio plumes. 
Fluvial Processes 
In contrast, the nature of fluvial rilling and resedimentation facies does show broad 
systematic changes spatially which provide some useful constraints on timing and 
mechanisms. There are two main patterns of change detailed in section 5.3.3; 1) a 
progressive outward decrease of the intensity of fluvial gullying and rilling for most 
erosional episodes, and 2) a change with distance in the style of rill development and 
gully infill. The progressive decay in erosion intensity paralleling trends of primary 
thickness and grain size distance-decay supports a volcano genic origin for most rilling 
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episodes relative to an external source from short-lived storms. However, some rilling 
intervals cannot be correlated over any significant distances and these probably do 
represent erosion from localised rain showers. 
Changes in the style of channel infilling follow a similar dependence on proximity to 
vent. Proximal and inner-medial rill and gully infills are dominantly erosive, devoid of 
resedimented material, andinfilled mostly by later primary facies. Such gullying is 
readily explained by erosion during intense episodes of rainfall inducing rapid runoff. 
Rills and channels in outer-medial and distal sections are infilled dominantly by 
fluvially resedimented and slurry flow facies, or alternations of primary and secondary 
facies. In many localities these channel-filling secondary facies sit at the same 
stratigraphic level as primary beds a few centimetres 1 ateraIJy. These channels are 
interpreted as the consequence of dominantly surface flow of water. Erosion from direct 
rainfall in the outer-medial to distal environments was less important as an agent of 
modification. 
5.5.5 Controls on Rotongaio Fall Facies 
Vent or Plume? 
In this study of the Hatepe and Rotongaio units a key aspect has been an attempt to 
determine the relative contributions from vent and plume processes in establishing the 
differences between the various phreatomagmatic facies identified. The water/magma 
ratio at vent is interpreted as critical in controlling the fundamental differences between 
the Rotongaio ash coarse fall and ash aggregate fall facies groups. When the 
water/magma ratio was relatively low, dispersal was by discrete fall from high (-25 
km), plinian-style plumes (e.g. Rn-C and Rn-G), and when water/magma ratio at the 
vent was relatively higher dispersal was dominated by fine particle aggregation and 
transport and deposition from low (?1O-15 km), dense plumes with an ability to 
penetrate further up- and crosswind. However, variations within these facies groups, for 
example the range of ash aggregate types and the fines content of the coarse fall facies, 
were controlled by conditions within the plume and processes that operated during 
transport and deposition. 
Mode of Fragmentation or Mode of Deposition? 
While the importance of the control exerted by water/magma ratio is understood, what 
is less certain is whether the amount of water at the vent is critical because it 
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fundamentally changes the style of magma fragmentation, or whether the role of water 
at the vent is most significant for the subsequent contribution it makes to the style of 
pyroc1ast dispersal and deposition. This point is fundamental to understanding, not only 
the differences between the various facies of the Hatepe and Rotongaio deposits, but 
also in resolving what the major controls are that distinguish large-scale magmatic 
(plinian) and large-scale phreatomagmatic (phreatoplinian) deposits. 
Proximally, the products of the two end-member explosive eruption styles are 
distinctive. Fall deposits of magmatic eruptions are coarse close to source, relatively 
well sorted and fine progressively with distance. Large magnitude magmatic eruptions 
(plinian) can produce very high eruption plumes (up to 55 km, Walker 1981c) and 
disperse fine pyroclasts globally. The proximal deposits of end-member 
phreatomagmatic eruptions (high water/magma ratio) are fines-rich, poorly-sorted, and 
considered classically to vary little with distance from source. Dispersal of these 
deposits can be extremely widespread (e.g. Oruanui fall deposit 10 cm thick 1000 km 
from source, Self 1983), but dispersal geometries suggest fundamentally different 
plume dynamics are probably involved. The critical question is whether the apparently 
fine grained character of end-member phreatomagmatic eruptions is because these 
eruptions actually involve a more efficient mode of fragmentation which produces a 
very fine assemblage of clasts (e.g. Self and Sparks 1978), or whether the fines content 
in proximal localities is more a function of a distinctive depositional mode driven by the 
amount of water erupted with the pyroc1ast assemblage. 
In considering whether the mode of fragmentation or the mode of deposition was the 
most important control on the nature of phreatomagmatic deposits there is a need to 
carefully separate the concept of mode offragmentation from magma/water ratio. This 
is because there are probably three different values of liquid/solid ratio in eruptive 
systems which are significant: 
1. water/magma ratio at the moment of fragmentation 
2. initial water/solid ratio in the plume at the vent (the initial eruption assemblage) 
3. water/solid ratio of the depositing system at anyone site. 
\ I 
These three ratio need to be considered separately because in a single explosion each of 
these ratios could be very different due to 1) lateral heterogeneity of fragmentation and 
2) entrainment of water into the plume after fragmentation, both in the vent and from 
the atmosphere. 
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The original model for fragmentation during phreatoplinian eruptions proposed a two-
stage processes to account for the apparently fine grained character of phreatoplinian 
deposits (Self and Sparks 1978); an initial vesiculation driven fragmentation which 
produces a coarse lapilli population, and a second stage of fragmentation on interaction 
of this coarse population with water which produces ash-sized material. Presumably the 
varying efficiency of the second stage fragmentation controls the size range of the 
assemblage produced; at 100% efficiency fine-grained unimodal distributions, at 
variable efficiency a broad polymodal assemblage, and at 0% efficiency a coarse-
grained unimodal assemblage. 
For the Rotongaio ash the mechanism of fragmentation was very different from the 
vesiculation-driven Hatepe ash, and cannot be accounted for by the original eruptive 
model for phreatoplinian volcanism. From vesicularity data it can be inferred that, in 
general, magmatic volatiles played a subsidiary role and fragmentation throughout 
Rotongaio volcanism was driven largely by external volatiles derived from magma-
water interaction. However, the wide range of clast vesicularities in anyone sample and 
variations between samples indicate that, unlike the Hatepe ash, the Rotongaio magma 
was heterogeneous and the relative contribution from magmatic and external volatiles 
varied with time. These variations occur in both the coarse fall and ash aggregate facies 
suggesting changes in the nature of the Rotongaio magma, and the relative contribution 
of magmatic volatiles, played little part in influencing deposit type. Although detailed 
mass per unit area values could not be calculated for individual layers, grain size of ash 
aggregate and coarse fall facies converge distally, and calculations of whole-deposit 
grain sizes for plinian deposits (Walker 1981a, 1981c) suggest overall very similar clast 
assemblages for 'wet' and 'dry' phases. This implies that the mechanism of 
fragmentation was probably less important than fluctuations in the initialliquid/magma 
ratio as an influence on relatively proximal depositional processes during Rotongaio 
volcanism. 
5.6 SUIVIMARY AND CONCLUSIONS 
A number of eruptive and depositional processes (some in common with the Hatepe 
ash) have been identified (from lithofacies analysis) as being important modes of 
acti vity during Rotongaio volcanism: 
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1. Discrete Fall Episodes - generated during rare episodes (Rn-C and Rn-G) of 
relatively high discharge rate which resulted in a lower water/magma ratio at the 
vent and generation of high, relatively 'dry' plumes (-25 Ian). However, water 
had unrestricted access to the vent and fragmentation was driven dominantly by 
external volatiles throughout these episodes. The unusual north-south dispersal 
pattern of Rn-C may reflect some blast phenomenon. Deposition in proximal to 
medial areas was dominantly by ~ discrete particle fall while, distally, dry 
electrostatic aggregation was probably an important process. Locally, mixing with 
wet aggregate fallout took place at low levels. 
2. Ash Aggregate Wet Fall - representing episodes when water/magma ratios at the 
vent were higher due to lower discharge rates. The higher involvement of water at 
the vent significantly changed the plume dynamics and greatly influenced the 
processes of particle transport and deposition. Dispersal was from relatively low 
(perhaps 10-15 km at the most), dense plumes rich in liquid and vapour, and 
deposition in the proximal to medial environments was dominantly by aggregation 
of liquid-coated fine particles. Differences between the various types of ash 
aggregate facies were largely established in the plume during transport and fallout 
due to 1) small-scale heterogeneity over a narrow part of the liquid-particle 
spectrum, and 2) fluctuations in the rate and concentration of aggregate fallout. 
Fragmentation was dominantly driven by external volatiles. 
3. Mixed Discrete and Aggregate Fall - representing transient episodes during 
dominantly wet ash aggregate fall from low wet plumes when there were short-
Ii ved increases in discharge rate. Water continued to have unrestricted access to 
the vent but with an increase in discharge rate the effective water/magma ratio 
decreased, plume height increased and the style of deposition in proximal and 
inner-medial areas included discrete particle fall. Because of the short-lived nature 
of these fluctuations and the lag time in dispersal of earlier erupted wetter plumes, 
the discrete particle fall popUlations mixed during transport and deposition with 
wet aggregate fallout. 
4. Vent-Related Lateral Emplacement - important in the proximal environment due 
to generation of dilute and turbulent pyroclastic density currents, probably derived 
from collapse of the unstable outer-margins of the rising central column, and from 
lateral explosions. 
5. Plume-related Lateral Emplacement - Unlike the Hatepe ash, primary lateral 
emplacement processes were also important modes of deposition within the 
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medial environment during Rotongaio volcanism. Dilute and turbulent density 
currents were probably produced in the medial environment during Rotongaio 
volcanism from 1) localised downbursts of dense, particle-laden veils, which 
descended from the convectively-unstable umbrella region of the wet Rotongaio 
plumes, and 2) perhaps also by modification of normal fallout from whirlwinds 
spawned locally from the water-rich Rotongaio plumes. 
While transport and deposition processes appear to have been broadly similar during 
phases 3 and 4, there are a number of primary features which set the Rotongaio ash 
apart from the Hatepe ash, and most other widespread phreatomagmatic fall deposits, 
and indicate that it is not a typical phreatoplinian deposit. These are: 1) the very fine 
lamination, 2) the finely interlayered nature of primary and secondary beds, 3) the very 
wide range of juvenile clast densities, and 4) the very fine grain size compared to the 
Hatepe ash at anyone site, throughout the dispersal area. 
The very fine lamination of the Rotongaio ash (and stratigraphic relationships of these 
laminations) indicates that it is the product of multiple, discrete and non-sustained 
explosions which dispersed material along a number of axes and with a wide range of 
thinning rates. The intimate association in time and space of primary and secondary 
beds indicates that 'secondary' processes were actually part of a continuum of primary 
depositional processes, influenced by the liquid/particle ratio of ash fallout and inherent 
to the mode of eruption. The overall dense nature of Rotongaio juvenile clasts, and the 
very wide range of vesicularities present in single samples, indicate that the Rotongaio 
magma was partially-degassed and heterogeneous and, unlike the Hatepe ash and other 
pumiceous phreatoplinian deposits, it did not undergo any significant fragmentation by 
vesiculation. The lack of any significant coarse component compared to the Hatepe ash 
supports a fundamentally different mode of fragmentation for Rotongaio volcanism and 
vent processes which probably involved significant recycling of clasts through the vent. 
6 
Eruptive Models for Phases 3 
and 4 of the 1.85 ka Taupo Eruption 
6.1 INTRODUCTION 
As well as contributing to an improved understanding of the diverse nature of large-
scale phreatomagmatic eruptions, this study has helped resolve a number of outstanding 
issues relating to the nature, timing, and dynamics of the two large-scale 
phreatomagmatic phases of the 1.85 ka Taupo eruption. The aim of this chapter is to 
present a revised eruption narrative and more fully explore the mechanisms of 
phreatomagmatic eruptive style of phases 3 and 4. 
The important elements specific to the 1.85 ka Taupo eruption that this thesis has 
investigated are: 
1. the nature, timing, and causes of the changes in eruptive style and dynamics 
represented by the contacts between units 2 and 3, units 3 and 4, and units 4 and 5 
of the Taupo eruption, 
2. the pattern of changing vent position during eruptions, and 
3. the nature and dynamics of phase 3 and 4 volcanism, the fundamental differences 
between these two widespread phreatomagmatic deposits, and the controls on 
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variations in eruptive style, dynamics, and depositional processes during these two 
phases. 
6.2 THE TAUPO ERUPTION 
The 1.85 ka Taupo eruption is the most recent explosive eruption from Taupo volcano 
and the largest caldera-forming eruption in the TVZ since the 22.6 ka (Oruanui) event. 
As outlined in chapter 1 the Taupo eruption represents the most complex silicic eruption 
worldwide in the last 5000 years, involving two magmatic plinian phases, three 
phreatomagmatic phases, and an ignimbrite-generating, climactic caldera collapse. 
Previous studies have developed elegant models for the processes during the dry phases 
of the Taupo eruption, in particular for the powerful plinian phase 5 and the climactic 
ignimbrite-forming Phase 6 (Walker 1980, 1981a; Wilson and Walker 1985), but there 
have been few explanations for the causes of abrupt shifts in eruptive style between 
phases. In particular, the most vexing unresolved issue relates to the shift from sustained 
eruption of actively vesiculating magma to discharge of non-vesiculating magma and 
the subsequent sudden return to violent eruption of gas-rich magma. 
6.3 TAUPO VENT CONFIGURATION 
From isopach and isopleth maps of the fall units (Walker 1980a, 1981a, 1981b) and the 
radial alignment of logs in the ignimbrite (Froggatt et al. 1981), Horomatangi Reefs has 
been inferred as the source vent for all phases of the 1.85 ka Taupo eruption. 
Horomatangi Reefs marks the site of a thermal anomaly on the eastern side of Lake 
Taupo, and the structure has a crater-topped, dome morphology which is interpreted as a 
vent filling lava in.t:!:l1~sion erupted a few years after the climactic phase of the Taupo 
eruption (eruption Z of Wilson 1993). Lake sediments exposed on the eastern side of 
Lake Taupo contain large, radially-jointed pumiceous blocks thought to have floated off 
this intrusion during the post-eruption refilling of the lake (Wilson and Walker 1985). 
As discussed in chapters 2 and 4, this single vent model has always been limited by the 
failure to satisfactorily account for the sudden change from eruption of actively 
vesiculating magma in Phases 1 to 3, to the discharge of non-vesiculating magma in 
Phase 4, and the equally abrupt change back to discharge of actively vesiculating 
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magma in Phases 5 and 6. In this study, new thickness and clast size distribution maps 
have been constructed for subunits of the Hatepe and Rotongaio ash deposits. By 
distinguishing and mapping separately the distribution of subunits with varying textures 
and inferred eruptive styles, the resolution of temporal variations in ash dispersal 
patterns has been significantly improved providing better constraints on vent 
configuration during the Taupo eruption. 
Newly-acquired isopach and isopleth data for individual subunits of the Hatepe ash 
point to a source for Hatepe volcanism a few kilometres southwest of Horomatangi 
Reefs. Similar componentry and the transitional nature of contacts between units 1, 2 
and 3 suggest a common source vent for phases 1 to 3 of the Taupo eruption. 
New subunit ash dispersal maps for the Rotongaio ash demonstrate that this phase was 
not only erupted from a separate vent from Phases 1-3, but that it cannot have been 
derived from Horomatangi Reefs. All Rotongaio isopachs, and isopleths for Rn-C, 
support a vent position for phase 4 of the Taupo eruption a few kilometres northwest of 
Horomatangi Reefs. A source vent for Rotongaio volcanism separate from earlier 
phases of the eruption helps solve a major problem with the single vent eruption model 
as it is consistent with both the compelling petrological data and the issue of timing. 
Rotongaio magma was probably residing at shallow levels in an initially blind conduit 
northwest of Horomatangi Reefs and able to passively degas prior to and during earlier 
phases of the Taupo eruption. 
From this new work a revised vent configuration has been presented for the Taupo 
eruption (Smith and Houghton 1995a), consisting of at least three sources lying on a 
SW -NE trend, centred on Horomatangi Reefs (Fig 6.1). Interestingly, vent positions for 
the majority of the post-22.6 ka (Oruanui) eruptions from Taupo plot within a 3 km 
wide corridor with a similar SW-NE trend. The trend ofthis vent corridor parallels the 
regional structural grain (Fig 6.2) (Wilson 1993), suggesting an important deep-seated 
structural control on the shallow movement of magma at Taupo volcano. Additional 
work is required on the thickness and maximum clast size distribution of unit 2 (Hatepe 
plinian pumice), and the basal few centimetres of unit 5 (Taupo plinian pumice) to 
provide more rigorous constraints on vent migration and configuration for the entire 
1.85 ka Taupo eruption sequence. 
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6.4 LAKE AND VENT CONDITIONS 
6.4.1 Pre-Existing Conditions 
The nature and extent of pre-1.85 ka pyroclastic stratigraphy indicates that the ancestral 
Lake Taupo had a similar morphology to the present day outline (Wilson and Walker 
1985). It has been established in this and previous studies that source vents for all 
phases of the Taupo eruption were located within the boundaries of the present-day 
lake-filled Taupo caldera (chapters 2 and 4), and the nature of unit 1, the initial ash 
demonstrates that an abundant supply of lake water had access to the vent from the 
earliest stages of the eruption. 
6.4.2 Conditions During Phases 3 and 4 
Lithofacies analysis of the Hatepe and Rotongaio ash deposits indicate that water 
probably had uninterrupted access to both vents throughout phases 3 and 4, and that 
fluctuations in water/magma ratios indicated by changes in depositional style were 
controlled mainly by magma flux. Lake margin facies within the proximal stratigraphy 
of the Hatepe and Rotongaio units provides an extremely useful parameter for 
delineating the geometry of the lake during phases 3 and 4 of the eruption. Interestingly, 
these facies indicate that the syn-eruptive lake edge actually extended a few hundred 
metres beyond the eastern limits of the modern lake. This, after eruption of 
approximately 3 km3 of magma along with perhaps 1-1.5 km3 of lake water by the close 
of Rotongaio volcanism, implies that any subsidence in lake level caused by magma 
withdrawal up until this stage had probably been balanced by displacement of water 
from near-vent accumulation of deposits, and the return of runoff from erosion 
episodes. Wall rock lithic componentry suggests that vent walls were stable throughout 
phases 3 and 4, with no evidence discovered that would indicate vent collapse had any 
influence on eruptive processes. 
6.5 ERUPTIVE HISTORY OF PHASES 3 AND 4 
A key for the eruption and depositional lithofacies 'picto-grams' used as a graphic 
frame of reference is presented in Fig 6.3. These lithofacies models and the controls on 
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temporal changes in eruptive style and depositional processes are summarised for the 
Hatepe ash in Fig 6.4, and for the Rotongaio ash in Fig 6.5. 
6.5.1 Phase 3 Volcanism· Hatepe Ash 
Ha-A 
The Hatepe ash is the product of the continuation of the vigorous discharge of actively 
vesiculating magma which began at the start of phase 2. However, the unit marks a 
dramatic change in mode of deposition in the Taupo eruption sequence. Ha-A (0.15 
km3) marks the transition from dominantly magmatic processes in phase 2 to wetter 
phreatomagmatic processes in phase 3. The exact controls on this change in eruption 
dynamics have not previously been fully explored. There is little change in wall rock 
type and content from the top of the Hatepe plinian deposit into the base of the Hatepe 
ash suggesting that the conduit walls were stable throughout the transition and no 
significant structural collapse occurred to cause a sudden influx of water to the vent. 
The progressive decrease in grain size at the top of the Hatepe plinian deposit suggests a 
gradual decrease in discharge rate may have allowed water access to the vent through a 
combination of deflation around the vent area and a decrease in pressure within the 
conduit. 
The initiation of Hatepe ash phreatomagmatic volcanism was not accompanied by a 
major change in the mode of magma fragmentation. Magma was at the peak of 
vesiculation, and the entry of water into the vent simply contributed to the quenching of 
clasts, inhibited post-fragmentation vesiculation (hence the wider range of clast 
vesicularities cf. unit 2), and, most importantly, controlled the subsequent style of 
pyroclast dispersal and deposition. However, fragmentation at all times was driven by 
vesiculation of Jnternal ~olatile~._ Dispersal was predominantly to the northeast (b t = 4.4 --"---.~--------~--'-' -.-~--.----- -~- - -_ .. ---
km) but the wetter plumes penetrated significant distances in crosswind directions. 
Deposition varied between dry, discrete particle fall, and mixed discrete and fine ash 
aggregate fall as a consequence of short-lived variations in magma discharge rate which 
controlled water/magma ratio at source and, therefore, the style of pyroc1ast transport 
and deposition. 
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This subunit follows the establishment of relatively uniform 'wet' conditions and 
represents a significant component of unit 3 volcanism (0.66 km3). Deposition was from 
low (10-15 km) wet, dense plumes which dispersed to the southeast (bt = 5.2 km), 
probably at least 90 km downwind from vent, but also at least 10 km and 60 km in 
upwind and crosswind directions, respectively. Fallout was dominantly by wet particle 
aggregation (which promoted the rapid accumulation of fme grained material close to 
source), but short-lived fluctuations in magma discharge rate caused sufficient decreases 
in water/magma ratio to produce minor variations in depositional processes. Longer 
episodes of lower water/magma ratio produced distinctive beds of dry, discrete particle 
fall, while more transient fluctuations produced mixed discrete and aggregate fall due to 
the lag time for dispersal of the wetter plumes. Distally, contacts between beds within 
Ha-B are mostly diffuse and deposition probably proceeded by aggregate fallout from a 
continuous umbrella cloud fed by quasi-sustained discharge at the vent. The physical 
state of the magma remained a uniform foam throughout and fragmentation continued 
to be driven by vesiculation. The style of particle fallout changed progressively as the 
wet plumes dispersed downwind. Close to source accumulation of wet and damp mud 
lump aggregates was intense, and the efficient and early removal of fines from the wet 
plumes meant more distal fallout from these same plumes was relatively fines-depleted. 
Minor episodes of mud rain from eruption plumes caused localised gullying and small-
scale lluvial resedimentation. 
-(::~ :-:-:~, -.:' -:: -
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Ha-C 
This subunit (0.14 km3) represents a relatively sustained period of dominantly discrete 
particle fall from a drier, high (30 km) plinian-style plume. Dispersal was strongly to 
the southeast (b r = 5.5 km, be = 5.4MP ' 4.9ML) with limited upwind and crosswind 
dispersal. The opening stages of this phase of Hatepe ash volcanism involved mixing at 
,~ 
low levels of discrete particle fallout from a high plinian-style plume with ash aggregate tJ 
fallout from a lower wet plume. Jth~ts"'12I~i()lls.lIl:>~~n PI'9Pos~d that this coarse bed and \ it: 
other fines-poor lapilli layers in the Hatepe ash represent intervals during which water 
was excluded from the vent (due to tumescence) and dry magmatic conditions were 
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restored. However, the presence of water is recorded by clast density data in most of 
these beds, indicating that true plinian conditions were not necessarily reinstated and, 
instead, this study proposes that water continued to have unrestricted access to the vent, 
but its influence on depositional style was significantly reduced due to increases in 
magma discharge rate. With a decrease in relative water/magma ratio, higher drier 
plumes were generated from which particles were dispersed as discrete, dry particles. 
Ha-D 
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A decrease in magma discharge rate and increase in effective water/magma ratio 
resulted in deposition of the fines-rich Ha-D beds (0.80 km3). Dispersal was to the east 
and east-northeast (b t = 5.5 km) but with significant upwind and crosswind penetration. 
Plumes were relatively dense, rich in liquid water and transport was confined to within 
the troposphere. Fine particles were transported and deposited exclusively as part of 
damp and wet aggregates. Minor waxing and waning of magma discharge rate 
influenced short lived episodes of mixed coarse and aggregate fall. As with the Ha-B 
wet plume, particle aggregation was intense close to source resulting in a relative 
depletion of fines from the plume assemblage and apparent coarsening of the 
accumulating pyroclast assemblage out to at least 60 km from source. 
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Hatepe volcanism came to a close when magma discharge waned significantly and 
allowed influx of abundant water into the vent with the ejection of large volumes of 
liquid water and vapour into the atmosphere. Intense convective rainfall from the 
resulting ash-poor plume caused substantial sheet erosion of the Hatepe ash within 15 
km of vent, and progressively less intense gUllying at greater distances due to rapid 
water runoff. Most of this erupted water was probably subsequently returned to the lake 
by runoff. 
6.5.2 Phase 4 Volcanism - Rotongaio Ash 
Rotongaio volcanism was initiated when weakly degassing magma residing in an area a 
few kilometres northwest of Horomatangi Reefs interacted violently with abundant lake 
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water. Interaction between magma and water was centred within the dense, degassed 
and cooled magma, and fragmentation was brittle and driven largely by stearn 
explosivity, but with a variable contribution from magmatic volatiles. 
Rn-A 
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Rotongaio volcanism was initiated during the waning stages of phase 3 volcanism, and 
this overlap is recorded only in the northeastern part of the dispersal area not affected by 
gully erosion. Initial interaction was between the relatively gas-rich margin of the rising 
magma and lake water but fragmentation throughout eruption of most of Rn-A (0.07 
km3) was driven dominantly by steam explosivity. Multiple, thin proximal beds in Rn-A 
record numerous short-lived explosions from magma-water interactions resulting in 
small, localised density currents, and multiple, variably dispersed wet plumes. Transport 
and deposition of pyroclasts was exclusively as fine mud lump aggregates. Aggregates 
with a wide range of liquid/particle ratios (dry to very wet) were produced and 
deposited proximally but, at greater distances, conditions of aggregate formation were 
more uniform and aggregates were formed at anyone time under a more limited range 
of liquid/particle ratios. Plumes were dense, rich in liquid water and dispersed at low 
atmospheric levels to the southeast and east-northeast (bt = 2.9 km). Some episodes may 
have involved dense ash-water mixtures which behaved as volcanogenic fogs, moving 
slow ly close to ground level with the bilobate nature of dispersal at least partially 
influenced by the topography to the southeast of the lake. 
There was at least one widespread rilling episode during eruption of Rn-A, caused by 
convective rainfall from very wet eruptive plumes. In distal areas, Rn-A was subject to 
syn-eruptive fluvial reworking in long-lived channels formed at the close of phase 3. 
Wet ash aggregates mostly adhered to steep depositional surfaces, but locally high 
liquid/particle ratios induced slurry flow and overthickening of ash in depressions. 
.r::. 
UI 
c( 
0 
m 
0) 
c: 
0 
..... 
0 
IX 
Rotongaio Ash Volcanism 
Temporal Changes in Eruptive and Depositional Processes 
Eruptive and Depositional Modes 
Principal Subsidiary Secondary 
Relative Magma 
and Water Flux 
Water 
V 
/,'111//1:'/// /~ ,/ :.t./,//' ~/T/'; 1"/' /' 
v 
Fig 6,5 
Summary of eruptive and depositional modes during Rotongaio volcanism, as recorded by the medial subunit 
stratigraphy. 
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Rn-8 
The opening phase of Rn-B volcanism (Bl, 0.05 km3) was marked by an increase in 
magma discharge rate and generation of a plume which dispersed material dominantly 
to the east-northeast. Proximally, these beds show multiple bedding and involved 
simultaneous deposition of discrete coarse particles and damp to wet aggregates of fine 
to very fine a'ih. However, correlative beds beyond about 35 km from source comprise 
mainly wet fine-particle aggregates, indicating that these episodes of mixed 
accumulation of discrete fall and wet aggregate fall were the product of short-lived 
fluctuations in discharge rate, with mixing due to the lower fall velocities of earlier 
erupted wet ash. Fragmentation continued to be driven by steam explosivity but at a 
lower water/magma ratio due to an increase in magma flux. 
The rest of Rn-B (0.11 km3) records a relatively lower magma discharge rate and higher 
effective water/magma ratio. Multiple steam explosions produced numerous plumes 
which dispersed slowly at low levels to the southeast and east-northeast (subunit bt = 3.8 
km), some partially influenced by topography. Proximal deposition wa'i varied and 
included density currents from lateral explosions and collapse of the periodically 
unstable outer margins of wet, dense plumes, and dry to very wet aggregate fallout. 
Deposition beyond approximately 10 km was dominantly of wet mud lumps (-15-20 
wt. % liquid). Periodically, convection within the umbrella region of the wet plumes 
generated whirlwinds and small downbursts of dense ash showers, resulting in localised 
dilute and turbulent density currents in the medial environment. 
Rain showers from eruption plumes caused at least one episode of widespread but 
small-scale rilling in the medial environment. Distally, resedimentation dominated over 
erosion and was confined to narrow channels developed within depressions with 
reworking taking place simultaneously with primary ash accumulation. 
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Rn-C 
An increase in magma discharge rate lowered the effective water/magma ratio and 
resulted in a short-lived episode (0.04 km3) of discrete particle fall from a high (-25 
km), drier, plinian-style plume (b t = 5.0 km, be = 6.5 km). As with Ha-C, there was 
initial mixing of this dry discrete particle fall with an earlier erupted wet plume at low 
levels in the atmosphere. Dispersal of this bed is very unusual and problematic. The 
three dispersal axes at 90 and 180 degrees to each other suggest a complex plume 
structure involving a possible lateral blast component. Fragmentation continued to be 
driven dominantly by steam explosivity but probably with a small increased 
contribution from magmatic volatiles as a result of heterogeneous degassing within the 
viscous Rotongaio magma. Interestingly, the amount of water at the vent must have 
been sufficient for efficient fragmentation and sustained plume generation, but less than 
required for the substantial vapour generation necessary to influence the mechanisms of 
particle dispersal and deposition . 
Rn-D 
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Following a decrease in discharge rate depositional processes returned to a wet style. 
Rn-D (0.13 km3) is the product of numerous, non-sustained, dense wet plumes confined 
to the troposphere and dispersed predominantly to the east-northeast (bt = 4.0 km). Ash 
depositional styles were similar to other wet plumes of Rn-A and Rn-B; variably-
directed proximal density currents, and accumulation of fine particle aggregates with a 
wide range of liquid/particle ratios close to source, while at greater distances 
liquid/particle ratios within plumes were more uniform and the style of ash aggregation 
less variable at anyone point. Small-scale, dilute density currents were generated 
locally by downbursts and whirlwinds, spawned from the inhomogeneous and unstable 
umbrella region of dispersing dense, wet plumes. 
At the close of Rn-D volcanism plume-derived rainfall formed small gullies and rills 
close to source, while at greater distances, material was reworked by runoff within 
discrete channels, contemporaneously with primary fall accumulation. 
\ 
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Following widespread erosion and reworking due to convective rain showers, magma 
discharge increased and produced the most varied episode of Rotongaio volcanism. 
Fragmentation continued to be driven by steam explosivity with a subordinate 
contribution from degassing processes, and plumes produced throughout Rn-E 
volcanism (0.27 km3) were all influenced by the continued presence of water at the vent. 
Proximal deposition was by vent-derived density currents emplaced under a range of 
transport and deposition regimes, simultaneous fall and density current emplacement, 
and fallout of aggregates with a wide variety of liquid/particle ratios. Aggregate 
liquid/particle ratios and aggregate accumulation rates fluctuated close to source over 
short time intervals producing alternations of agglutinate, partially-coalesced and 
discrete mud lump beds. 
Multiple explosions generated under a range of water/magma ratios produced 
numerous, non-sustained plumes with a wide variety of dispersal characteristics 
(subunit composite b t = 4.7 km). Dispersal was predominantly to the east-northeast, but 
with significant upwind and crosswind dispersal as well. Also, a small number of 
plumes were dispersed to the southeast possibly influenced by regional topography in 
the inner-medial environment. Medial and distal primary fall accumulation was 
dominantly by dry to very wet fine particle aggregate fall, but there were also short-
lived episodes of weakly dispersed, discrete particle fall. Variations in grain size and 
aggregate facies through Rn-E are interpreted as a record of changes in depositional 
style influenced by water/magma ratio, which in tum was dictated by magma flux. An 
important style of deposition in the medial environment was from plume-derived 
downbursts generated by convective instabilities which produced localised, but high 
energy, dilute and turbulent density currents. 
Rn-E is notable for at least two widespread episodes of erosion and rilling. As with all 
other fluvial episodes in the Rotongaio ash, erosion and rill formation dominated close 
to source because of direct rainfall and rapid runoff from plume-derived showers. The 
resedimented products of these fluvial processes are evident only beyond about 20 km 
from source, within discrete channels separated by interfluves on which primary ash 
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continued to accumulate relatively unmodified. The secondary response of Rn-E beds 
was also extremely variable, both spatially and temporally, and ranged from small-scale 
rupture and faulting of beds to near-newtonian liquid behaviour. Rn-E beds were 
particularly susceptible to remobilisation because of the basal and intra-unit gUllying 
which locally exacerbated the relief generated by erosion at the close of Hatepe 
volcanism. Due to the small changes in liquid/particle ratio necessary to induce liquid 
behaviour, and the wide range of relief across short distances, accumulating material 
could flow as a water-ash slurry forming flat-topped ponds within depressions, 
simultaneous with primary ash deposition just metres away. 
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Rn-F (0.11 km3) represents a distinct style of dispersal and deposition within the 
Rotongaio ash. The continued presence of water at the vent and fragmentation 
predominantly by steam explosivity(i~)pdicated by clast componentry and grain size 
characteristics. Near vent, deposition was from a mix of vent-derived density currents 
and fine particle aggregate fall mostly with moderate liquid/particle ratios. Away from 
the proximal setting, deposition was mostly of loosely-bound clusters and relatively dry 
mud lumps probably formed largely by electrostatic attraction. Dispersal was generally 
to the east (b l = 3.3 km) but nearly circular isopachs indicate that plumes penetrated 
significant distances in the upwind and crosswind directions Strongly topographically-
~ 
controlled cross-stratified Rn-F beds in inner-medial localities near Te Arero stream 
document distal runout of density currents which flowed southeast from the Rotongaio 
vent. Due to the relatively non-cohesive nature of Rn-F beds they were susceptible to 
local reworking down slopes and by strong surface winds. 
Rn-G 
Rn-G is similar to Rn-C in eruptive and depositional style (0.02 km3 , bt = 4.4 km). It 
represents a short lived episode at the close of Rotongaio volcanism when magma 
discharge was relatively high thus lowering the effective water/magma ratio and 
consequently controlling the style of plume generation, dispersal and pyroclast 
deposition. As with Rn-C, although particle transport and deposition was relatively dry, 
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and coarse pyroclasts were deposited from a high plume as discrete clasts, clast 
vesicularity indicates water was still present at the vent and that steam explosivity from 
magma-water interaction was the dominant mechanism of fragmentation. 
Phase 4/Phase 5 Shift 
Across the Rn-G/unit 5 contact there was a change from discharge of gas-poor magma 
undergoing fragmentation driven by magma-water interaction, to sustained and very 
rapid discharge of actively vesiculating magma, and this occurs over a stratigraphic 
interval of only a few centimetres. The cause of this abrupt change in eruptive style 
remains a little unclear because of the lack of a detailed stratigraphic study of unit 5. 
Proximal exposures showing Rn-G and the basal layers of unit 5~ the Taupo plinian 
pumice, give no indication of a progressive decrease in clast density or increase in grain 
size that might be expected if eruption of the Taupo plinian unit was from the same vent 
as the Rotongaio ash. Present whole-unit isopach and isopleth contours point to a 
Horomatangi Reefs source for phases 5 and 6 of the Taupo eruption, and it seems likely 
the change in eruptive and depositional style was associated with a shift in vent 
position. More detailed mapping and component analysis of the basal Taupo plinian 
beds is necessary to confirm the vent location for the Taupo plinian unit. 
6.5.3 Duration of Phases 3 and 4 of the Taupo Eruption 
Walker (1980, 1981c) and Wilson and Walker (1985) estimated that the duration of the 
final phases of the Taupo eruption (phases 5 and 6) was only a few hours to tens of 
hours, and the entire Taupo eruption sequence, from eruption of the initial ash to caldera 
collapse, took only a few tens of days at most. Comparison of the Taupo eruption (-60 
kIn3) with two of the largest historic eruptions, Tambora, 1815 (150 km3 , 34-36 h 
climactic phase; Sigurdsson and Carey 1989) and Krakatau, 1883 (18 km3 , 18 h 
climactic phase; Simkin and Fiske 1983) would tend to support the estimated Taupo 
time-frame. Such a time-frame is based on sustained eruptive activity for each of the six 
Taupo phases with no significant breaks within phases, and a short hiatus of 1-2 weeks 
between phases 3 and 4 (Walker 1981b). 
From this study, it is now recognised that the unit 3/unit 4 contact does not represent a 
hiatus at all, rather, the initiation of phase 4 activity overlapped with the closing stages 
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of phase 3, thus shortening significantly the total time frame of the 1.85 ka eruption 
sequence. However, detailed investigations of the nature of unit 3 and 4 volcanism has 
lengthened the time represented by the two phases themselves. A core aspect of this 
work is the recognition of both the Hatepe ash and Rotongaio ash as the products not of 
simple sustained eruptive activity, but having resulted from a diverse range of eruptive 
styles and depositional processes. The Hatepe ash represents continuous but highly 
irregular discharge of an actively vesiculating magma which produced widespread 
deposits of varying nature. The Rotongaio ash is the product of multiple, non-sustained 
explosions generated under a range of conditions, which produced multiple plumes with 
a very wide range of dispersal characteristics. Although the smallest magnitude (0.8 
km3) of all the main phases of the Taupo eruption, the finely laminated Rotongaio ash 
probably represents the longest eruptive phase of the entire sequence. An estimate of a 
few days seems reasonable for the Hatepe ash (phase 3), and perhaps a few weeks as a 
reasonable time frame for Rotongaio (phase 4) volcanism. 
7 
Summary and Conclusions 
7.1 SPATIAL AND TEMPORAL CONTROL 
There have been relatively few previous studies of widespread phreatomagmatic fall 
deposits, and these have tended to adopt a 'whole-deposit' approach in considering the 
nature of deposits, without the benefit of a detailed stratigraphic context. This approach 
(often unavoidable due to the nature and extent of outcrop) has tended to mask the fine 
detail that exists in many widespread phreatomagmatic deposits and which records a 
considerable diversity of eruptive and depositional processes. Quantification of changes 
in eruptive mechanisms with time, and assessment of variability in depositional 
processes temporally and spatially requires that data are collected for individual 
eruptive units within the context of a well constrained stratigraphy. Up until now, there 
has been no detailed examination of the stratigraphy of the Hatepe and Rotongaio units. 
Without this work there has existed only a speculative basis for determining, at best, 
broad relationships during these phases of the Taupo eruption. 
It has been possible to sample individual layers at a mm-scale within the Hatepe and 
Rotongaio units and, thus, assess changes in eruptive and depositional modes during 
phases 3 and 4 over very narrow intervals of time and distance. This approach has 
enabled fundamental questions about the nature of these two large-scale 
phreatomagmatic eruptions to be considered in a more satisfactory way. 
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The Hatepe ash was subdivided into four distinctive lithostratigraphic subunits (Ha-A to 
Ha-D) and the Rotongaio ash into seven subunits (Rn-A to Rn-G) which have provided 
the framework for detailed assessment of the nature of, and changes in, dispersal 
patterns during phases 3 and 4. The main outcomes from mapping of subunit thickness 
distributions have been 1) a more accurate estimation of the whole-deposit volume of 
both deposits, 2) identification of a new vent area for Hatepe volcanism (and phases 1 to 
3 of the Taupo eruption) a few kilometres southwest of Horomatangi Reefs, 3) 
identification of a new vent area for Rotongaio volcanism a few kilometres northeast of 
Horomatangi Reefs (which has helped resolve previous problems relating to the nature 
and timing of Rotongaio volcanism), and 4) an appreciation of the rates of changes in 
eruptive style for phreatoplinian eruptions. 
7.2. ERUPTIVE VOLUMES 
New whole-deposit volumes of 1.75 km3 and 0.8 km3 have been estimated for the 
Hatepe ash and Rotongaio ash, respectively, on the basis of individual subunit volumes 
calculated using the Pyle (1989) method. This contrasts with a previous estimate of 2.5 
km3 and 1.3 km3 (Walker 1981b) based on whole-deposit thickness measurements using 
the log-log volume technique. The difference between the whole-deposit and subunit 
calculations emphasises the importance of detailing the internal variations within finely 
layered deposits. Whole unit thickness measurements may be adequate for 
characterising the nature of dispersal from sustained eruptions where eruptive and 
depositional conditions change little during the course of an eruption. However, for 
widespread, multiple-bedded deposits containing internal erosional contacts, such as the 
Hatepe and Rotongaio deposits, contours based on measurement of only the whole-
deposit thicknesses will tend to average out any internal thickness variations. In 
recognising an internal lithostratigraphy any secondary effects (post- or syn-eruptive 
erosion and soft-sediment deformation), and variations due to changes in eruptive style, 
dispersal direction and thinning rate can be documented and accounted for, enabling a 
more accurate volume calculation. 
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7.3 DISPERSAL PATTERNS AND ERUPTIVE STYLE 
Two general dispersal geometries are defined by the subunit isopach maps and suggest 
at least two distinctive modes of plume dispersal and dynamics during Hatepe and 
Rotongaio volcanism: 
1. very broad, in some cases nearly circular, contours displayed by the ash-rich 
'wetter' subunits which indicate dispersal from plumes in which there was 
significant upwind and crosswind dispersal, and 
2. narrow, elliptical contours with relatively limited crosswind extent and shallower 
mass distance-decay rates, displayed by 'drier' subunits Ha-C, Rn-C and Rn-G. 
Given that wind conditions are unlikely to have changed significantly during the 
eruption of these subunits, these two distinctive geometries suggest that plume 
properties were the cause of at least two contrasting styles of dispersal, and confirm 
there were significant differences in plume structure and dynamics between the 'wetter' 
and 'drier' episodes. 'Wetter' plumes are probably dispersed mainly within the 
troposphere (because of density considerations) and are capable of significant up- and 
crosswind penetration, compared to 'drier' plumes which can rise to within the 
stratosphere where winds influence elliptical dispersal patterns. The small volumes 
represented by the individual Hatepe and Rotongaio subunits (0.02-0.8 km3) suggest 
that relatively small magnitude plumes are capable of behaving in these fundamentally 
different ways. 
It is interpreted that dispersal of the ash-rich subunits (the bulk of the deposits) was 
from dense, liquid-rich plumes which were relatively low and probably confined to the 
troposphere (10-15 km determined from comparative terminal fall velocity values). In 
contrast, dispersal of Ha-C, Rn-C and Rn-G was from high (up to 30 km), relatively dry 
plinian-style plumes. 
In detail, dispersal during Rotongaio volcanism was more complicated than during 
Hatepe volcanism. Lack of one-on-one correlation of beds indicates that the medial and 
distal Rotongaio stratigraphy is not simply a thinned equivalent of all proximal beds, 
but that subunits actually comprise multiple beds spanning a wide range of thinning 
rates. Additionally, dispersal of most of the ash-rich Rotongaio subunits was along two 
axes with the weakly bilobate thickness distribution of these subunits probably 
influenced by regional topography and small changes in wind direction. 
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7.4 ERUPTIVE AND DEPOSITIONAL MODES 
Changes in the grain size of beds over narrow vertical intervals (em-scale in the Hatepe 
ash, mm-scale in the Rotongaio ash) demonstrate that, while deposition may have been 
continuous, the mode and mechanism were highly irregular on time scales of probably 
minutes. Detailed facies analysis has identified five general eruptive and primary 
depositional modes that were important during phase 3 and 4 volcanism: 
7.4.1 Episodes of Discrete Fall 
Generated during episodes of relatively high discharge rates which resulted in lower 
water/magma ratios and widespread dispersal from high, relatively 'dry' plumes. 
Deposition in proximal to medial areas was dominantly by fall of discrete particles 
while, distally, dry electrostatic aggregation was probably an important process. 
Fragmentation was driven by vesiculation in the case of the Hatepe discrete fall beds, 
but dominantly by external volatiles for the Rotongaio discrete fall beds. The continued 
presence of water at the vent throughout these apparently 'drier' phases indicates 
eruptions involving appreciable quantities of water are capable of producing deposits 
with grain size characteristics that mimic plinian deposits and, therefore, that the visible 
transition between end-member plinian and obviously phreatomagmatic activity must 
occur at a relatively high water/magma ratio. 
7.4.2 Wet Fall of Ash Aggregates 
Fallout of damp to wet fine particle aggregates was the dominant depositional mode 
when water/magma ratios at the vent were higher due to lower discharge rates. For the 
Rotongaio ash, fragmentation was driven by external volatiles and, in the case of the 
Hatepe ash, fragmentation continued to be driven by vesiculation. Regardless of 
fragmentation style, the higher involvement of water at the vent significantly influenced 
the plume dynamics and controlled the processes of particle transport and deposition. 
Dispersal was from relatively low (perhaps 15 km at the most), dense plumes rich in 
liquid and vapour, and deposition in the proximal to medial environments was 
dominantly by aggregation of liquid-coated fine particles. Differences between the 
various types of ash aggregate facies were largely established in the plume during 
transport and fallout due to 1) small-scale heterogeneity over a relatively narrow part of 
the liquid-particle spectrum, and 2) fluctuations in the rate and concentration of 
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aggregate fallout. Where fallout involved locally very high liquid/particle ratios, small-
scale erosion was favoured over primary accumulation. 
7.4.3 Mixed Discrete and Aggregate Fall 
Short-lived increases in discharge rate during dominantly wet ash aggregate fall resulted 
in transient episodes of mixed discrete and aggregate fall. Water continued to have 
unrestricted access to the vent but, in the case of the Hatepe ash, fragmentation during 
this mode of activity continued to be driven by vesiculation. With an increase in 
discharge rate the effective water/magma ratio decreased, causing a momentary increase 
in plume height and resulting in a short-lived episode of discrete falL This coarser, 
discrete particle population mixed during transport and deposition in proximal and 
inner-medial areas, with earlier erupted damp and wet mud lump fallout. 
7.4.4 Lateral Emplacement 
Vent-Related, Proximal MOIje 
Lateral emplacement was an important depositional mode in the proximal environment 
during both phase 3 and 4 volcanism. Dilute and turbulent pyroclastic density currents 
were produced with a range of velocities and particle concentrations, and derived 
mostly from collapse of the unstable outer-margins of the rising central column and, in 
the case of phase 4 volcanism, probably also from discrete, vent-derived lateral blasts. 
Plume-Related, Medial Mode 
Primary lateral emplacement processes were also important modes of deposition within 
the medial environment during Rotongaio volcanism. Experimental work, field 
occurrences and observations of an historic phreatomagmatic eruption suggest that 
emplacement modes involving significant horizontal velocities may be much more 
important during fallout from wet plumes than previously considered. Dilute and 
turbulent density currents were probably produced in the medial environment during 
Rotongaio volcanism from 1) localised downbursts of dense, particle-laden veils, which 
descended from the convectively-unstable umbrella region of the wet Rotongaio 
plumes, and 2) perhaps also by modification of normal fallout by whirlwinds spawned 
locally from the water-rich Rotongaio plumes. 
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7.4.5 Secondary Processes 
Secondary processes such as fluvial erosion and reworking, and soft-sediment 
deformation and slurry-flow were important depositional modes that operated syn-
eruptively, especially during phase 4 volcanism. Deposits of these secondary processes 
are intercalated at a variety of scales with primary lithofacies, and this very close 
association in time and space implies that there was a strong genetic link between the 
nature of the eruption plume and the nature and extent of the secondary modification. In 
many cases the secondary processes (e.g. microfluvial reworking and plastic 
deformation) were actually part of a continuum of depositional processes, influenced by 
the liquid/particle ratio of ash fallout and inherent to the mode of eruption. Throughout 
deposition of the Rotongaio ash a delicate balance existed between primary 
accumulation, erosion and redeposition. The extent, then, to which a Rotongaio bed 
became 'secondary' was, in large part, a function of the primary depositional state of 
the ash, controlled mostly by plume parameters but significantly influenced by aspects 
of the local depositional environment. 
7.5 THE NATURE OF LARGE-SCALE 'WET' ERUPTIONS 
7.5.1 Phase 3 Volcanism - Hatepe Ash 
There are a number of important observations to emerge from facies analysis of the 
Hatepe ash which provide important constraints on the nature and dynamics of Hatepe 
ash volcanism: 1) the I ateral and vertical variations within the Hatepe ash which 
indicate that Hatepe ash volcanism involved a diverse range of depositional processes 
which were heterogeneous. spatially and temporally, on a range of scales, 2) the 
uniformly high vesicularity values of juvenile clasts from all facies through the Hatepe 
ash stratigraphy, and 3) the dramatic 'coarse shift' of ash aggregate facies grain sizes. 
over a relatively short distance away from vent, towards the grain size characteristics of 
discrete fall facies. 
The first point demonstrates clearly that phase 3 volcanism did not involve simple 
sustained discharge but was actually the result of a continuous but highly irregular, 
pulsating discharge, with fluctuations in magma flux, sometimes over very short time 
intervals, resulting in a range of transport and depositional modes. The second and third 
points are important because together they suggest that the differences between the 
properties of coarse fall facies and the other ash-rich facies are a relatively proximal 
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artefact. Similar juvenile clast vesicularity and wall rock componentry through the 
Hatepe stratigraphy attest to the uniform physical state of the Hatepe magma and imply 
a consistent mechanism of fragmentation for all facies types by vesiculation of 
magmatic volatiles. The implication is that the contrasting nature of the different fall 
facies of the Hatepe ash was not controlled in any substantial way by changes in the 
mechanism of fragmentation, but 'more a function of relatively proximal depositional 
processes influenced most by the initialliquidlsolid ratio in the plume. 
7.5.2 Phase 4 Volcanism - Rotongaio Ash 
While transport and deposition processes appear to have been broadly similar during 
phases 3 and 4, there are a number of primary features which set the Rotongaio ash 
apart from the Hatepe ash, and most other widespread phreatomagmatic fall deposits. 
These are: 1) the very fine lamination, 2) the very wide range of juvenile clast densities, 
and 3) the very fine grain size compared to the Hatepe ash at anyone site, throughout 
the dispersal area. 
The very fine lamination of the Rotongaio ash (and stratigraphic relationships of these 
laminations) indicates that it is the product of mUltiple, discrete and non-sustained 
explosions which dispersed material along a number of axes and with a wide range of 
thinning rates. The overall dense nature of Rotongaio juvenile clasts and the very wide 
range of vesicularities present indicate that the Rotongaio magma was partially 
degassed and heterogeneous (unlike the Hatepe ash and other pumiceous phreatoplinian 
deposits), and it did not undergo any significant fragmentation by vesiculation. The lack 
of any significant coarse component compared to the Hatepe ash supports a 
fundamentally different mode of fragmentation for Rotongaio volcanism and vent 
processes which probably involved significant recycling of clasts through the vent. 
7.6 SUGGESTIONS FOR FUTURE WORK 
There are a number of areas of interest for future research that can build on the work of 
this study, including: 
1. Detailed thickness and clast size dispersal studies on the upper part of unit 2 and 
the basal part of unit 5 to further constrain vent configuration during the Taupo 
eruption. 
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2. Accurate mapping of the unit 3/unit 4 erosion surface to better constrain the nature 
and timing of this event. A detailed cameo study of the nature and distribution of 
local and regional erosion levels within the Rotongaio ash. 
3. Accurate mass/unit area mapping of selected beds or subunits in the Hatepe and 
Rotongaio deposits to better quantify lateral changes in clast size populations. 
4. Reappraisal of the technique for determining whole-deposit clast populations in 
strongly fines-segregated (plinian) deposits to enable meaningful comparison of 
Hatepe ash and Hatepe plinian pumice clast populations. 
5. 
6. 
Detailed petrographic studies of Rotongaio juvenile clasts to document changes 
over time in the density and crystallinity of the cooling, degassing Rotongaio 
magma. 
Development of componentry criteria for distinguishing first-cycle juvenile clasts 
from recycled juvenile clasts in the Rotongaio ash, as a means of improving an 
understanding of fragmentation processes during Rotongaio volcanism. 
7. Experimental studies on the conditions of formation of mud lumps and aggregate 
textures seen in the Hatepe and Rotongaio deposits. 
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Appendix 1 
Section localities and Stratigraphic 
Measurements 
FIELD MEASUREMENTS 
Detailed field measurements of the Hatepe and Rotongaio ashes were made at 198 
localities north and east of Lake Taupo, out to the limits of stratigraphic subunit 
identification (up to approximately 60 km from Lake Taupo). All localities investigated 
are tabulated below and subunit thickness and clast size measurements are presented for 
localities at which primary thickness measurements of Hatepe and Rotongaio 
stratigraphy could be made. These measurements were used in constructing subunit 
thickness and clast size distribution maps. Where no numerical entry is listed for a 
locality or particular subunit, measurements were either impossible (typically because 
of erosion fiuvially or by the Taupo ignimbrite), or were considered inappropriate for 
determining primary ash dispersal patterns because of extensive syn-depositional 
secondary modification. Because of the close association of secondary processes and 
primary deposition during Hatepe and Rotongaio volcanism, important sections 
showing the various relationships are described separately in the thesis text. 
Grid References 
Grid references for each section are given to the nearest 100 metres based on the New 
Zealand Department of Survey and Land Information 1:50 000 topographic map series 
(NZMS 260). The letter and number prefix for each map reference (e.g. U18) refers to 
the specific 1 :50000 sheet. The majority of 1.85 ka Taupo eruption sections occur in 
road cuttings, and road/track names are listed for additional reference. For localities 
away from named roads the nearest named geographical feature or road on the 1 :50000 
sheet is used instead. 
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Section Logging 
Sections were logged in detail at mm-scale to enable; 1) resolution of fine stratigraphic 
detail, 2) identification of depositional micro-textures, 3) high resolution grain size 
sampling and analysis, and 4) to allow an attempt at stratigraphic correlation at a very 
fine scale. 
The majority of primary sections were logged lamination by lamination, and all 
structures and textures recorded and graphically logged. Where possible, determinations 
of subunit boundaries were made at the outcrop and subunit thickness values calculated 
by summing thickness of individual beds and laminations. For localities at which 
subunit boundaries are ambiguous an initial estimate was made and then checked 
against photographs and logs of near-by localities. 
For localities dominated by secondary deposits (especially in the Rotongaio deposit) no 
reasonable estimate of primary thickness of subunits was possible. These sections were 
still logged and described, with individual subunits (in the case of the Rotongaio ash) 
having been assigned values between 1 and 5 depicting the degree of reliability (for 
isopaching) or "primaryness" - 1 being 100% primary and 5 being 100% secondary and 
of no use for isopaching (see chapter 5). 
Clast Size Measurements 
Maximum clast size measurements were determined in the coarsest subunits (Ha-C and 
Rn-C) by averaging the three axes of the five largest clasts extracted by sampling the 
entire unit within a two metre long area of outcrop. A limited amount of maximum clast 
data was also collected for the other Hatepe subunits (Ha-A, Ha-B, Ha-D), but the 
difficulties associated with collecting this information beyond the medial environment 
prevented this being a useful exercise. The extremely fine grain size (99.5% finer than 1 
mm) for the other Rotongaio subunits meant that these measurements were only 
practical for Rn-C. 
The Hatepe ash measurements were made on low density juvenile pumices (MP) and 
dense wall rock lithic clasts (ML). Due to the paucity of wall rock material and the 
relative density of juvenile clasts in the Rotongaio a single maximum clast (MC) 
measurement was made for Rn-C, which typically consisted of a poorly vesicular 
juvenile clast. 
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Appendix 2 
Particle Size Analysis and Data 
A2.1 INTRODUCTION 
Granulometry is an important source of quantitative data for examining variations in 
non-welded pyroclastic deposits. Approximately 540 ash samples were collected, of 
which 323 Rotongaio, 110 Hatepe, and 32 mixed or reworked samples were processed 
for detailed granulometry. The remaining samples were used for assessment of ash 
aggregation textures and experimental determination of plastic and liquid behaviour. 
At the end of this appendix Table A2.1 is a collation of all particle size analysis data for 
Rotongaio and Hatepe ash samples. Table A2.2 presents the derived statistical values 
for all grain size samples, including Inman and Folk and Ward parameters, particle size 
distribution modes, and fragmentation values (wt% material less than a specified value). 
A2.2 SAMPLING STRATEGIES 
A2.2.1 Rotongaio Ash Sampling Strategy 
Previous grain size analyses of the Rotongaio and Hatepe ashes have been undertaken 
on samples derived either from limited channel sampling of the entire eruptive units 
(Walker 1981b), or from sing1e,a single site (Talbot 1988). Channel sampling is 
successfully applied to internally uniform plinian tephras, but cannot characterise 
finely-bedded units which are the product of numerous closely-spaced eruptive events. 
The sampling strategy for the Rotongaio ash involved initial stratigraphic analysis in 
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which all individual beds at chosen sample localities were identified and logged in 
detail. Each of these beds was then carefully sampled enabling a detailed assessment of 
spatial and temporal changes in textural characteristics which could be used to assess 
eruptive and depositional conditions. Where contacts were sufficiently planar and 
undisturbed, intervals as thin as 2 mm could be satisfactorily sampled without danger of 
contamination from surrounding beds. A large number of samples were collected from 
three proximal Rotongaio sites due to the fine bedding and lateral variability in the 
proximal environment. Samples of all constituent beds within each unit were collected 
from 10 sites along two transects to delineate spatial changes in eruption parameters, 
with additional samples taken from locality 118 for comparative analysis of imbricate 
and dune-bedded deposits. Samples exclusively of unit Rn-C were taken from localities 
lying on the N-S dispersal axes for this subunit. 
A2.2.2 Hatepe Ash Sampling Strategy 
The more thickly-bedded nature of the Hatepe ash means that less samples are required 
to detail the variation within the deposit. Samples were taken from individual texturally 
uniform intervals as a means of characterising the lithofacies within each unit, and 
determine temporal variation at anyone locality. A suite of samples was collected from 
~ ~\ 
proximal sites lacking any recognisable unit stratigraphy (4, 137). Samples from within 
each subunit were collected from 6 localities along a general eastern dispersal axis, and 
from 3 localities (173, 16, 143) to determine off-axis variations. 
A2.3 PARTICLE SIZE ANALYSIS PROCEDURE 
All samples taken for particle size analysis were fresh and unaltered and required no 
chemical pre-treatment process, only a short sonication to break up naturally occurring 
ash aggregates. Due to the high fines content of even the 'p1inian-style' deposits, most 
grain size samples were wet sieved and required a combination of sieve and 
instrumental fines analysis. The flow chart (Fig A2.1) shows the sequence of events 
required for each grain size sample. 
Particle Size Analysis Flow Chart 
50 ml aliquot 
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r 
I 
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and plot cumulative % 
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Fig A2.l 
Flow chart of steps taken for each particle size analysis. 
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A2.3.1 Sieve Analysis 
Due to the lack of very coarse deposits even within the Hatepe Ash, it was not difficult 
to obtain representative samples for laboratory sieving. Samples lacking a significant 
coarse component were directly wet sieved after obtaining a sufficiently large split (25-
50g RN, 100-200g HA; these optimum sample sizes were determined by analysis and 
statistical comparison of progressively smaller sample splits) and gentle disaggregation. 
Samples with a coarse component were dried at 60 °C (to prevent baking fines) for at 
least 24 hours and allowed to cool before sieving down to 0 or 1 phi (l mm-500 ).tm), 
depending on the quantity of fines. The fines material retained was then split to avoid 
overloading and clogging of sieves and subject to the same wet sieving process as for 
the very fine samples. The material coarser than 5 phi (32 ).tm) was dried and sieved at 
112 phi intervals, with material coarser than 0 phi (1 mm) sieved by hand to minimise 
fracturing and comminution of fragile vesicular and altered clasts, and the rest of the 
stack from 0 to 5 phi was placed on a mechanical shaker for 5 min. All fractions were 
carefully brushed from each sieve and weighed to ± O.Olg. 
A2.3.2 Instrumental Fines Analysis 
Most of the beds within the Hatepe and Rotongaio ashes contain over 10 wt% of 
material finer than 32).tm (5 phi), with many Rotongaio samples having greater than 50 
wt% material in this category. Therefore, to enable the application of statistical 
parameters and compare full particle size distributions it was necessary to apply an 
instrumental fines analysis procedure. Samples from localities 1 (Rn), and 7 were 
analysed on a Sedigraph 5000D at Lincoln University. After the pump system failed on 
this machine localities 1 (Ha) , 6, 9, 11, 16,24 and 32 were sized on a Sedigraph 5100 at 
the Department of Geology, Victoria University of Wellington. Problems were 
encountered with this machine towards the end of a run of analyses and these were 
rerun on a Sedigraph 5100 at the Department of Earth Sciences, University of 
Cambridge, UK. A Coulter LS 130 Laser Diffraction system (GNS Wairakei Research 
Centre) was used for samples from localities 4, 17, 25, 33, 52, 73, 75, 76, 78, 102, 118, 
119, 121,137,140, 143,157, and 173. Comparison of data between the three Sedigraph 
facilities suggest no significant variations in results. 
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The Problem With Fines Analysis - Fines Data Correction 
It has been suggested that there is a paucity of material in the 4:5-5 phi (45-32 Jlm) size 
range in fine grained deposits erupted from Lake Taupo (Talbot 1988). This assertion is 
based on low values in the 4.5 and 5 phi fractions of previous grain size analyses of the 
Rotongaio, Hatepe (Walker 1981b; Talbot 1988) and Oruanui fall deposits (Self 1983). 
However, fines analysis by pipette or Sedigraph involve conversion of equivalent 
spherical diameter to grain size and is not directly compatible with sieve data in which 
the diameter of the intermediate axis is measured directly. In this study it was found that 
the fines data were parallel to, but displaced from, the sieved cumulative curve (Fig 
A2.2) thereby imparting an anomalous low around 4-5 phi (45-32 Jlm). By sieving 
down to 32Jlm and analysing fines from 63Jlm, the overlap in analysis methods allowed 
a rigorous control on correction of the fines data. The sieve data (down to 5 phi (32Jlm)) 
and the fines data (from 4 to 10 phi (63Jlm-lJlm)) were plotted together on probability 
paper then the instrumentally-measured fines data was translated until it coincided with 
the 5 phi (32Jlm) sieved data point (see Fig A2.2). For all samples the slopes of the 
sieve and fines data curves were closely comparable in the interval between 4.5 and 5 
phi (45-32Jlm). Cumulative percentages were then read off at 112 phi intervals and 
corrected weight percent values determined to enable histogram plots to be generated 
and full statistical parameters from 5 to 95 cumulative wt. % to be calculated. 
Theoretically, analyses from the Coulter LS 130 should be more closely compatible 
with sieve data as this system actively draws particles through in suspension and 
measures size as a function of diffraction of a laser beam, as opposed to the passive 
settling involved in pipette and Sedigraph. Fines data obtained from the GNS Coulter 
system were found to require a graphical correction, although the translation necessary 
to bring it in line with the sieve cumulative plot was consistently much less than that for 
Sedigraph data. 
Comparison of uncorrected and corrected particle size distributions (Fig A2.2) highlight 
the potential interpretative problems when using uncorrected data. A major problem 
exists in that most fines analyses in the volcanological literature do not stipulate 
methods used and are nearly always uncorrected. Corrected weight percent values for 
all samples analysed are presented in Table A2.1 
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Particle Size Data Correction Method 
Merging of Sieve and Fines Data Sets 
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Fig A2.2 
Diagram to illustrate the technique used to successfully merge the particle size data for material finer than 
5 phi (32 )lm) obtained by instrumental analysis (Sedigraph and Coulter LaserSizer) with the sieve analysis 
data. For each sample analysed for grain size in this study, the sieve and instrumental curves were plotted 
on probability paper, and then the instrumental fines curve was translated sideways so that the two curves 
coincided in the interval between 4 and 5 phi (63-32 )lm). The resulting curve was then used to read off 
the cumulative percentages at 1/2 phi intervals from 5.5 to 10 phi. The curves shown are not of any particular 
sample. 
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